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1  Summary 
 
 
 
 
 The target of low-priced and bendable electronic devices spurred academia, as 
well as, industry to develop novel high-performance materials for application in 
field-effect transistors. A crucial requirement for those materials is solubility in common 
solvents, enabling simple device fabrication steps such as printing, on large areas. 
Inorganic oxides and organic materials received attention because of their high 
performance and good solution processability. Whereas organic hole conducting materials 
(p-type) already exhibit high performance with mobilities similar to amorphous silicon, 
reliable electron transporting materials (n-type) are still a challenge. Both types of 
semiconductors, however, are needed to enable the well established complementary metal 
oxide semiconductor (CMOS) technique commonly used in silicon based electronic 
circuits. This thesis deals with the synthesis of new materials and their applications in 
n-type field-effect transistors in order to improve device performance by using simple 
fabrication procedures at low temperatures. 
The first approach deals with field-effect transistors based on zinc oxide nanoparticles. 
Stable dispersions of zinc oxide nanoparticles allow the fabrication of zinc oxide 
transistors by solution processes. Despite the high intrinsic electron mobilities of zinc 
oxide, a large surface to volume ratio of nanoparticles often prevents their use as active 
material in field-effect transistors. Dangling zinc bonds are present at the surface, which 
act as electron donor, leading to increased conductivity. Switching the transistor off 
becomes challenging. The use of a tailored perylene bisimide, chemically linked to 
pyrrolidone groups, allowed the passivation of the dangling zinc bonds at the particle 
surface. Mixing of this perylene bisimide into nanoparticulate zinc oxide dispersions 
allowed transistor fabrication by spin-coating at low temperatures. On/off-ratios of the 
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resulting transistors could be enhanced by 3 orders of magnitude to 10
3
, so that zinc oxide 
nanoparticles turn into a semiconductor. 
The second approach represents the main part of this thesis focusing on n-type 
self-assembled monolayer field-effect transistors (SAMFETs). It is known that 
approximately 90% of charge transport in field-effect transistors is managed just by an 
ultra-thin layer close to the dielectric. Due to the absence of bulk current, on/off-ratios in 
SAMFETs are enhanced without disadvantages to charge mobility or threshold voltage. 
The molecules for SAMFET applications typically consist of a semiconducting core, an 
endcapper on one side, and a reactive group on the other side, which is fixed to the core 
via a spacer. In this thesis, the well known perylene bisimides were chosen as 
semiconducting core. A branched alkyl tail acted as endcapper, whereas a linear 
C11-alkyl tail takes over the spacer part. As reactive group a phosphonic acid was chosen, 
which enables covalent fixation to aluminium oxide, a common dielectric for transistor 
applications. SAMFETs were fabricated by submerging transistor substrates into a dilute 
solution of the active molecule. During the immersion, the perylene bisimides reacts 
spontaneously to the aluminium oxide dielectric, forming a monomolecular layer. X-ray 
photoelectron spectroscopy (XPS) revealed a dense, homogeneous, and smooth 
monolayer on top of aluminium oxide. X-ray reflectivity (XRR) measurements confirmed 
the expected three regions, endcapper, semiconducting core, and spacer, perpendicularly 
ordered to the surface. In plane order was investigated by grazing incidence 
measurements (GIXD), which resulted in a nano-crystalline layer. SAMFETs showed 
bulk like electron mobilities of 10
-3
 cm
2
/Vs. High on/off-ratios up to 10
5
 and low 
threshold voltages were achieved. SAMFETs with channel length up to 100 m were 
measured for the first time. The fact that all measured transistors, short channel as well as 
long channel, were working, indicated a high degree of reproducibility. Furthermore, by 
combining n-type and p-type SAMFETs, the first CMOS-bias inverter, solely based on 
SAMFETs, with large gain values up to 15, was realized. 
To further improve SAMFET performance, the branched alkyl tail was replaced by a 
short linear fluorinated alkyl tail, with the intention to increase the surface coverage of the 
chromophores by a more slender design of the molecule. SAMFETs were fabricated with 
the same simple method as described above. XPS measurements showed a complete 
coverage of an organic layer with a thickness matching perfectly the simulated length of 
the molecule. In contrast to the previous SAMFETs, the phosphorous was located mainly 
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at the aluminium oxide surface and not, as before, throughout the organic layer. The 
fluorine atoms were detected at the top of the layer. Both observations are indicative for 
higher order of the monolayer. XRR measurements gave a consistent structure of the 
layer. A tree layer structure was found in which the electron density of the outer layer was 
enhanced, due to the presence of electron rich fluorine atoms. The thicknesses of all three 
layers were in good agreement to the calculated distances. Furthermore, GIXD studies 
revealed an amorphous SAM on top of aluminium oxide, optimal for charge transport 
without disturbing grain boundaries. 
The new SAMFETs were also highly reproducible and showed electron mobilities on 
the order of 10
-3
 cm
2
/Vs, low onset voltages, and high on/off-ratios in the order of 10
6
. 
Besides SAMFETs on common non-flexible silicon substrates, comparable n-type 
SAMFETs were also fabricated on polymer based substrates for the first time. 
Furthermore, a unipolar  bias  inverter was built, paving the  way towards  flexible 
organic electronics by self-assembly. 
In summary, all three publications of this thesis deal with the synthesis of 
semiconducting perylene bisimides and their implementation in n-type field-effect 
transistors. Reliable transistors and the first integrated CMOS-like circuits based solely on 
SAMFETs with high performances were achieved, made by simplest solution processes at 
low temperatures. 
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1  Zusammenfassung 
 
 
 
 
 Der Wunsch nach preisgünstigen und flexiblen elektronischen Bauteilen ist für 
Forschungseinrichtungen sowie für die Industrie Ansporn, nach neuen Hochleistungs-
materialien für Anwendungen in Feld-Effekt Transistoren zu suchen. Eine wichtige 
Voraussetzung solcher Materialien ist deren Löslichkeit in gängigen Lösungsmitteln, 
wodurch elektronischen Bauteile mittels einfacher Methoden, wie beispielsweise durch 
Drucken, hergestellt werden können. Anorganische, nanopartikuläre Oxide und 
organische Materialien erlangten große Aufmerksamkeit aufgrund Ihrer guten 
Eigenschaften und einfachen Prozessierbarkeit aus Lösung. Während organische 
Lochleiter bereits hohe Ladungsträgermobilitäten erreichen, die mit amorphem Silizium 
vergleichbar sind, sind bisher nur wenige elektronenleitende Materialien mit hohen 
Mobilitäten bekannt. Beide Arten von Halbleitern werden jedoch für die etablierte 
CMOS-Technik (complementary metal oxide semiconductor) benötigt, die in den meisten 
elektronischen Schaltungen zur Anwendung kommt. Diese Arbeit handelt von der 
Synthese neuer Materialien und deren Anwendung in elektronenleitenden Feld-Effekt 
Transistoren, welche ausschließlich durch einfache, lösungsbasierte Prozesse bei 
niedrigen Temperaturen hergestellt werden wobei gleichzeitig die Eigenschaften der 
Transistoren verbessert werden. 
Der erste Ansatz handelt von Feld-Effekt Transistoren aus Zinkoxid Nanopartikeln. 
Stabile Dispersionen von Zinkoxid Nanopartikeln erlauben die Herstellung von Zinkoxid 
Transistoren durch lösungsbasierende Prozesse. Trotz hoher intrinsischer 
Elektronenmobilitäten ist das große Oberflächen-Volumen-Verhältnis der Zinkoxidoxid 
Nanopartikel hinderlich für deren Anwendung als Material in Feld-Effekt Transistoren. 
An der Oberfläche befinden sich ungesättigte Zinkbindungen welche als 
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Elektronendonatoren wirken. Dadurch wird die Leitfähigkeit erhöht. Das Ausschalten 
eines solchen Transistors wird dadurch erschwert. Die Verwendung eines 
maßgeschneiderten Perylenbisimides, chemisch verbunden mit Pyrrolidon Einheiten, 
ermöglichte eine Passivierung der ungesättigten Zinkvalenzen an der Partikeloberfläche. 
Die Beimischung dieses Perylenbisimides zu Zinkoxid Dispersionen erlaubte die 
Transistorherstellung mittels Spin-Coating bei niedrigen Temperaturen. Die 
an/aus-Verhältnisse der resultierenden Transistoren konnten um drei Größenordnungen 
auf 10
3
 gesteigert werden. 
Der zweite Ansatz spiegelt den Hauptteil dieser Arbeit wieder und beschäftigt sich mit 
elektronenleitenden, selbst-assemblierenden Feld-Effekt Transistoren welche aus einer 
Moleküllage bestehen (self-assembled monolayer field-effect transistors, SAMFETs). Es 
ist bekannt, dass ungefähr 90% des Ladungstransports in Feld-Effekt Transistoren in einer 
ultradünnen Schicht, nahe dem Dielektrikum, stattfindet. Aufgrund der Abwesenheit von 
Volumenströmen ist das an/aus-Verhältnis in SAMFETs erhöht, ohne Nachteile auf 
Mobilität oder Schwellspannung. Die Moleküle für Anwendungen in SAMFETs bestehen 
aus einem halbleitenden, aromatischem Kern, einer Alkylkette auf der einen Seite und 
einer reaktiven Gruppe auf der anderen Seite, welche mittels eines Spacers an den Kern 
gebunden ist. In dieser Arbeit wurden Perylenbisimide als halbleitende Kerne verwendet. 
Ein verzweigter Alkylrest fungiert zunächst als Endcapper, während eine C11-Alkylkette 
als Spacer fungiert. Als reaktive Gruppe wurde die Phosphonsäure gewählt, welche eine 
kovalente Fixierung auf Aluminiumoxid ermöglicht, ein übliches Dielektrikum in 
Feld-Effekt Transistoren. Die SAMFETs wurden durch Eintauchen der Substrate in 
verdünnte Lösungen der Bisimide hergestellt. Während des Eintauchens reagiert die 
Phosphonsäure mit den OH-Gruppen des Aluminiumoxid Dielektrikums, wodurch eine 
monomolekulare Schicht aufgebaut wird. XPS (X-ray photoelectron spectroscopy) 
Untersuchungen ergaben eine dichte, homogene und ebene Monolage auf 
Aluminiumoxid. XRR (X-ray reflectivity) Messungen bestätigten die erwarteten, 
senkrecht geordneten drei Regionen von Endcapper, halbleitendem Kern und Spacer. Die 
Ordnung innerhalb der Schicht wurde mittels GIXD (grazing incidence X-ray diffraction) 
untersucht, und ergab eine nanokristalline Schicht. Die SAMFETs zeigten 
Elektronenmobilitäten von 10
-3
 cm
2
/Vs, hohe an/aus-Verhältnissen von 10
5
, und niedrige 
Schwellspannung von 3 V. Außerdem wurden zum ersten Mal SAMFETs mit 
Kanallängen bis 100 m gemessen. Die Tatsache, dass alle gemessenen Transistoren, mit 
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kurzen sowie mit langen Kanälen, funktionierten, beweist einen hohen Grad an 
Reproduzierbarkeit. Des Weiteren wurde der erste, einzig auf SAMFETs basierende, 
CMOS-Spannungs Inverter mit hohen Verstärkungsfaktoren von bis zu 15, realisiert. 
Um die Eigenschaften der SAMFETs zu verbessern, wurde der verzweigte Alkylrest 
durch eine kurze, lineare fluorierte Kette ersetzt. Die Intention war die 
Oberflächenbedeckung durch ein schlankeres Design des Moleküls zu erhöhen. Die 
SAMFETs wurden mit der oben beschrieben, einfachen Methode hergestellt. XPS 
Messungen zeigten eine dichtere Bedeckung des Dielektrikums durch das neue 
Perylenebisimid. Die Schichtdicke stimmte hierbei perfekt mit der simulierten Länge des 
Moleküls übereinstimmt. Im Gegensatz zu den vorangegangenen SAMFETs findet man 
den Phosphor hauptsächlich an der Aluminiumoxidoberfläche und nicht zusätzlich in der 
organischen Schicht. Die Fluoratome hingegen wurden hauptsächlich an der Oberfläche 
der Schicht detektiert. Beide Beobachtungen weisen auf bessere Anordnung der Moleküle 
innerhalb der Monolage hin. XRR Untersuchungen ergaben einen übereinstimmenden 
Aufbau der Monolage. Die Monolage kann in drei separate Schichten unterteilt werden 
wobei die Elektronendichte der äußeren Schicht, aufgrund der Anwesenheit 
elektronenreicher Fluoratome, erhöht war. Die Schichtdicken aller drei Lagen stimmten 
mit den berechneten überein. Des Weiteren zeigten GIXD Messung eine amorphe 
Monolage ohne störende Korngrenzen von kristallinen Bereichen. 
Es konnten SAMFETs mit hoher Ausbeute hergestellt werden. Es wurden 
Elektronenmobilitäten in der Größenordnung von 10
-3
 cm
2
/Vs, niedrige 
Durchschlagsspannungen und hohe an/aus-Verhältnisse im Bereich von 10
6
 erhalten. 
Neben den üblichen SAMFETs auf starren Silizium Substraten wurden zum ersten Mal 
auch funktionierende n-type SAMFETs Polymersubstraten hergestellt. Des Weiteren 
wurde ein unipolarer Spannungsinverter aufgebaut, ein wichtiger Schritt in Richtung 
flexibler organischer Elektronik basierend auf SAMFETs. 
Zusammenfassend beschäftigen sich alle drei Veröffentlichungen dieser Arbeit mit der 
Synthese von halbleitenden Perylenbisimiden und deren Anwendung in 
elektronenleitenden Feld-Effekt Transistoren. Hochreproduzierbare Transistoren mit 
hohen Ladungsträgermobilitäten und an/aus-Verhältnissen bei niedrigen 
Schwellspannungen wurden ebenso wie die ersten integrierten CMOS-Schaltkreise durch 
einfaches Self-Assembly aus Lösung hergestellt. 
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2  Introduction 
 
 
 
 
 An apparatus for controlling electric currents was proposed by Lilienfeld 
already during the twenties.
[1]
 He patented a device where an electronic flow between two 
conductive terminals could be modified by a third potential between these terminals. The 
device was planned in order to amplify the transfer of charges by controlling the 
resistance with an applied potential. As a consequence, a portmanteau was born which 
gave this device its name: transistor.
[2]
 
Basically, a transistor can be regarded as a capacitor in which two plates are separated 
by an insulator. One plate consists of a semiconducting material which is placed between  
two ohmic contacts, the other plate is a conducting material (see figure 1). The contacts 
are called source- and drain-electrodes, the insulator is a dielectric and the conductive 
plate is named gate-electrode. By applying an electric potential to the gate electrode the 
semiconductor becomes conductive and enables a charge transfer from source- to 
drain-electrode. The first prototype transistor was demonstrated by Shockley, Bardeen, 
and Brattain in the Bell laboratories in 1947.
[3]
 In 1958 the three inventors were awarded 
the Nobel Prize in physics because of the huge impact of their findings. Putting together 
more than one transistor in a single device initiated the field of integrated circuits.
[4]
 So 
far  semiconducting materials were only able to conduct electrons and only unipolar 
n-type circuits with high power consumption could be built. The discovery of hole 
conductors (p-type) allowed the realization of the complementary metal-oxide 
semiconductor (CMOS) technique, which requires pairs of p- and n-type transistors.
[5]
 
Low power consumption and high noise immunity were the results. Following Moore´s 
law, transistors became simultaneously smaller and improved at a lower price to enable 
new high performance computer systems.
[6]
 Most recently Intel has accomplished a major 
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success for practical usage by introducing a completely new transistor generation onto the 
market. This architecture allows dense packing of 1.4 billion so called tri-gate transistors 
with a size of 22 nm onto a 160 mm
2
 die.
[7]
 Recently, the miniaturization  of transistors 
reached the physical limit. Fuechsle et al. realized a single-atom transistor by doping 
silicon with an individual phosphorous atom.
[8]
 
Silicon based transistors will be the leading technology for high performance 
electronics in the foreseeable future. 
 
Figure 1: a) Layout of a typically field effect transistor containing source-, drain-, gate-
electrodes, the semiconductor and dielectric. b) Picture of the first working transistor made in 
the bell laboratories in 1947.
[9]
 c) 22 nm tri-gate transistors recently commercialized by 
Intel.
[10]
 
Since the sixties, inorganic metal oxide semiconductors e.g. tin oxide
[11]
 or zinc 
oxide
[12]
 have been studied as active material in field-effect transistors. The performance 
of these devices was considerably low but the use of transparent semiconductors 
promised a new field for application. The performance of metal oxide thin-film transistors 
rises year by year. Nomura et al., for example, presented gallium indium zinc oxide 
(GIZO) transistors with excellent device characteristics showing electron mobilities up to 
80 cm
2
/Vs.
[13]
 However, during device fabrication high temperatures up to 1400°C were 
needed. In order to prevent plastic incompatible high temperatures and multiple 
fabrication steps, the focus shifted to solution based processes. Usage of soluble 
precursors or nanoparticles are two main routes to allow simple methods as spraying,
[14]
 
spin-coating
[15]
 or ink-jet printing
[16]
 to form metal oxide layers. Here, the challenges are 
the preparation of printable precursor solutions,
[17]
 instabilities concerning the large 
surface area of nanoparticles,
[18]
 and high temperatures of several hundred degrees during 
a post-bake step. Nevertheless, Kim et al. showed that solution processes is even 
combinable with polymer substrates to realize high performance and optical transparent 
transistors on flexible plastic substrates.
[19] 
Source
Drain
Gate
Source
Drain
Gate
a) b) c) 
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In the late 1970s, Heeger, Diarmid and Shirakawa presented a new material for which 
they were honored with the Nobel Prize in chemistry in 2000. By doping polyacetylene 
with halogens, the first electrical conductive organic polymer was demonstrated.
[20]
 Many 
groups paid great attention to this new field, which grew so fast that first organic solar 
cells
[21]
 (OSC) and organic light emitting diodes
[22]
 (OLEDs) became reality. Mechanical 
properties of organic materials promise a huge market for low cost and energy saving 
displays or flexible circuits. Good solubility of organics in common solvents allows cheap 
printing of large area electronics such as solar cells. A conjugated -electron system is the 
basic requirement for organic polymers or small molecules in order to conduct positive or 
negative charges. Such planar systems are achievable by alternation of carbon-carbon 
single and double bonds where the carbon atoms are sp
2
-hybridized, so that pz-orbitals 
can overlap to delocalize the electron density over several atoms along the molecule. Due 
to the fact that the overlap of two pz-orbitals is less, -bonds are weaker than σ-bonds, 
which are formed by the overlap of two sp
2
-orbitals. In -conjugated materials the 
-orbitals usually form the Highest Occupied Molecular Orbitals (HOMO) and the 
Lowest Unoccupied Molecular Orbital (LUMO). A high HOMO-level is suitable for 
p-type materials, whereas a low LUMO level is desirable for n-type materials. A big pool 
of synthetic strategies allows modification of the materials to get tailored properties by 
chemical adjustment. Matching orbital-levels by chemical modification is an essential 
advantage of organic semiconducting materials to optimize optoelectronic properties. 
These features, i. e., -flexibility, printability and modifiability- make organic materials a 
competitor of metal oxides to fill niches which are difficult to access with silicon.  
 
Figure 2: Applications for organic semiconductors. a) Organic circuits on a bendable polymer 
substrate.
[23]
 b) Flexible organic photovoltaik.
[24]
 c) Samsung Galaxy S3 smart phone 
incorporate an organic based super-AMOLED display.
[25]
 
An example par excellence is Samsung´s active-matrix organic light-emitting diode 
(AMOLED) display, brought onto the consumer market in 2010. The industrial 
realization of organic solar cells is also at the edge of commercialization. Animated by 
a) b) c) 
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the world’s increasing energy consumption, companies around the world work on how to 
beat the efficiency record of about 10%.
[26]
 Materials for organic field-effect transistors 
have already achieved performances comparable to amorphous silicon. Possible 
applications, such as pixel drivers in displays or circuits in radio-frequency identification 
tag (RFID), are feasible. 
The initial part of this thesis describes the improvement of nanoparticulate zinc oxide 
field-effect transistors. That was done by surface modification of zinc oxide nanoparticles 
using a tailored organic compound in a low temperature process. 
The second part forms the main part of this thesis and deals with n-type self-assembled 
monolayer field-effect transistors (SAMFETs) based on heterosubstituted perylene 
bisimides. Self-assembly is a promising method for large area device fabrication at low 
temperatures by using only a minimum amount of the active semiconducting material. 
This has already been demonstrated successfully for p-type materials. The aim is to 
develop novel n-type materials for SAMFET applications in order to push this new field 
towards the CMOS-technique and to enable robust organic electronics made by 
self-assembly. 
2.1 Organic Field-Effect Transistors 
The basic units in organic field-effect transistors are the electrodes source, drain, and 
gate, a dielectric layer and a semiconductor. A schematic is shown in figure 3. The gate 
can also be used as substrate and consists in principle of any conductive material. Highly 
doped silicon wafers are commonly used as gate electrode and thermally grown silicon 
dioxide forms the insulating dielectric layer. On top of the dielectric the electrodes, 
typically patterned by photolithography, are deposited. 
 
Figure 3: Scheme of a bottom-gate, bottom-contact organic field-effect transistor. The 
gate-electrode is separated by a dielectric layer from the source- and drain-electrodes. A 
semiconductor is between these electrodes to enable a pathway for charges. The length (L) is 
defined as the distance between source and drain. The width (W) is the length of the 
electrodes. 
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A semiconductor can be placed between the transistor electrodes by, for example, 
spin-coating or drop-casting. The source- and drain-electrodes should form ohmic 
contacts to the semiconducting material within the channel. For p-type materials, these 
contacts should have a low work function () in order to enable an efficient transfer of 
holes between semiconductor and electrode. For n-type materials, a high work function is 
favorable to get a better injection of electrons into the LUMO-level of the semiconductor 
without huge contact resistance. Gold ( ~ 5.1 eV)[27] is an good contact material for 
p-type OFETs, whereas aluminum ( ~ 4.28 eV)[27] or calcium ( ~ 2.9 eV)[27] are 
convenient for n-type materials. However, due to its inertness and easy processability, 
e.g. for lithography processes, gold is often also used for n-type OFETs. In this case 
injection barriers are accepted. The channel is defined by the channel width (W) and the 
channel length (L), which stands for the distance between source- and drain-electrodes. 
To get higher currents, finger transistors are often used in which interpenetrating 
electrodes form a broad channel width of typically 1 - 20 mm at a channel length of 
1 - 20 µm. 
In the following part, the working principle of an organic field-effect transistor will be 
described, which is illustrated in figure 4. By applying a potential only to the source- and 
drain-electrodes no current is measureable. The device is in the off-state and the 
semiconductor acts as insulator (Fig. 4a). Only low off-currents occur as a result of a 
slight conductivity of the material. If a potential is applied to the gate-electrode (Vg), the 
potential drops over the dielectric to the semiconductor, due to the “field-effect”, resulting 
in a band-bending. Charges injected from the source electrode into the semiconductor 
generate a thin charge accumulation layer close to the dielectric. Depending on the 
semiconductor and the gate bias, holes or electrons can be generated. A negative gate-bias 
accumulates holes; a positive bias accumulates electrons (Fig. 4b). The semiconductor 
becomes conductive and first all deep traps are filled. Increasing the gate bias up to the 
threshold voltage (Vth), the semiconductor gets mobile charge carriers, which enable an 
electrical current (Id) through the transistor channel by applying a drain voltage (Vd). That 
drain current increases linearly with the drain voltage (Fig. 4c). At a certain voltage where 
the equation Vd ≥ Vg - Vth is complied, the pinch-off point is reached (Fig. 4d). The 
potential of the gate is now the same as the potential inside the semiconducting layer 
close to the drain electrode. Further increase in Vd shifts the pinch-off point slightly in the 
direction of the source-electrode and a depletion zone is formed (Fig. 4e). If the transistor 
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length (L) is much longer than the width of the depletion zone, no further increase of the 
current can be observed by increasing Vd, due to the resistance of the depletion zone. A 
high potential inside the depletion zone between drain-electrode and pinch-off point 
occurs, which results in a space-charge limited current. The resistance between source-
electrode and pinch-off point remains constant - no current increase can be observed. Id 
saturates, and becomes independent of the drain voltage and can be modulated only by 
the gate voltage. 
 
 
 
Figure 4: Schematic illustration of the working-principle of an organic field-effect transistor. 
a) The transistor is switched off. Drain- and gate-voltage are equal to zero, so that the 
semiconductor acts as insulator. b) By applying only a gate-voltage, the charge carrier 
concentration within the channel increases and an accumulation layer (green) is generated. c) 
An additional drain-voltage leads to an electrical current flowing from the source through the 
semiconductor into the drain-electrode. d) Reaching the pinch-off point the potential inside the 
channel close to the drain-electrode is equal to the gate-bias. e) Further increase in the 
drain-voltage results in a depletion zone where the drain-current becomes independent of the 
drain-voltage.
[28]
 
To analyze transistors, two main characteristics are needed: output and transfer. For 
the output characteristic, the gate voltage is kept constant and the drain voltage is swept; 
whereas for measuring the transfer characteristic, the gate voltage is swept while holding 
the drain bias constant. The resulting I-V-curves can also be described theoretically.
[29]
 If 
pinch-off point
depletion zonepinch-off point
a) b) 
c) d) 
e) 
off-state: Vd = Vg = 0 V linear region: Vd ˂˂ Vg - Vth ≠ 0 
triode region: Vd ˂ Vg - Vth ≠ 0 pinch-off point: Vd = Vg - Vth ≠ 0 
saturation region: Vd > Vg - Vth ≠ 0 
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a voltage is applied to the gate, a uniform accumulation layer is generated close to the 
dielectric across the semiconductor (Fig. 4b). By applying a drain-voltage (Vd), the 
charge density inside the channel at a specific position x is proportional to the voltage 
difference Vg – V(x). With the capacitance C of the dielectric, the number of charges inside 
the channel, the fundamental unit of charge e, and the thickness of the charged layer t, 
and the areal density of charges q can be described with equation 1: 
                             (1) 
In organic transistors, the semiconductor is often not conductive at Vg = 0V because of 
charge trapping or mismatches between electrodes and semiconductor. In order to include 
this behavior, the threshold voltage (Vth) is used, so that equation 1 becomes equation 2: 
                                (2) 
By applying a voltage to the drain electrode which is lower than the gate bias, a linear 
charge concentration gradient occurs (Fig. 4d). Under this condition the average value of 
the charges in the middle of the layer turns from equation 2 into equation 3 (gradual 
channel approximation). To the left, the concentration is higher, and to the right, the 
concentration is lower, so that integration over the complete channel results in the half 
concentration: 
                        
    
 
    (3) 
Ohm´s law can be written as shown in equation 4: 
  
  
  
  
 
                  (4) 
Here, σ is the conductivity, µ is the charge mobility, and nav is the average concentration 
of charges in the channel. Now equation 3 can substituted into equation 4 to obtain 
equation 5: 
   
 
 
              
  
 
       (5) 
For reason of simplicity, equation 5 is transformed into equation 6. 
   
 
 
                
  
 
 
     (6) 
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Equation 6 is a description of the current in the linear regime where the drain current 
Vd ≤ (Vg-Vth) (Fig. 4c). Here, the current scales linearly with the gate voltage, and 
quadratically with the drain voltage. The term inside the brackets multiplied with Cox is 
the average areal charge density in the transistor channel. For Vd << (Vg-Vth), the Vd/2 
term becomes negligible and can be dropped.  
      
 
 
                     (7) 
To calculate the mobility in the linear regime, the first derivative of equation 7 is used. 
   
   
   
    
 
 
                  
   
   
 
      
   
 (8) 
If the drain voltage is increased, so that Vd ≤ Vg – Vth, the channel is pinched and a 
depletion zone occurs close to the drain electrode, so that no increase in current can be 
observed. The current becomes constant and is no longer a function of the drain voltage. 
To describe this behavior Vd = Vg – Vth is substituted into equation 6: 
       
 
  
               
 
    (9) 
To calculate the charge mobility in the saturation regime,     is plotted versus the gate 
voltage. From the slope of the resulting graph, the mobility can determined with equation 
10: 
         
        
   
  
  
    
     (10) 
The x-intercept of the slope gives the threshold voltage (Fig. 5b). Besides the mobility 
and threshold voltage, the on/off-ratio is the third important value for transistors. The 
forth often used value is the sub threshold swing S which is defined as: 
     
   
         
      (11) 
High charge mobilities and on/off-ratios and a low threshold voltage and threshold swing 
are desirable. All these values are commonly determined from the transfer characteristics. 
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Figure 5: Examples of I-V-curves for an organic field effect transistor. a) Output 
characteristics for gate- voltages up to 100 V. b) Transfer characteristics with drain voltages of 
5 V, 10 V, and 75 V. The lower curve shows     versus the gate voltage, V0 is defined as 
onset voltage, VT is the threshold voltage.
[29]
 
 
2.2 Charge injection and transport in organic    
 field-effect  transistors 
 
Charge injection into and charge transport through the organic semiconductor plays a 
crucial role with respect to device performance. Both aspects are discussed in the 
following passage. 
 
2.2.1 Charge injection into organic semiconductors 
The injection of charges from a metal electrode into organic semiconductors is an 
important aspect for OLEDs,
[30]
 OPV,
[31]
 as well as OFETs.
[32]
 In OFETs, injection has 
huge impact, in particular for short channel devices having channel lengths shorter than 
~5m. One reason is the challenge of creating ohmic contacts between metals and organic 
semiconductors. In inorganic semiconductors, for example, ohmic contacts are made by 
controlled doping of the semiconductor, leading to neat charge injection. In contrast, due 
to device instabilitities and migration of counterions, doping of organic semiconductors is 
more difficult. As a result, Schottky-barriers (B) are often formed at the interface 
between metal and organic semiconductor, leading to contact resistance. If an electrical 
a)          b) 
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field is applied to an organic transistor, an electron can be injected into the 
semiconductor. Simultaneously, a positive mirror charge is left in the metal electrode. An 
electrical field between these charges occurs, which makes further electron injections 
more difficult (built-in potential; Fig. 6).
[33] 
   
Figure 6: Energy band diagram of charge injection from a metal contact into a disordered 
organic semiconductor. After applying a potential (grey dashed line) , electrons are injected 
into the semiconductor, leaving behind positive charges in the metal electrode. A built-in 
potential (grey line) occurs, which hampers further charge injection. The result of both 
potentials is called Schottky-barrier (B), which is lower than the metal work function (e) by 
the amount . Because organic semiconductors are often disordered, charge injection (red 
arrow) into deep states becomes possible, lowering the barrier further.
[33,34]
  
Bürgi et al. showed that if the barrier is less than 0.3 eV, contact resistance is not 
determined by the Schottky barrier at the metal/organic interface but by the bulk-transport 
in the vicinity of the contacts.
[35]
 If the barrier exceeds the value of 0.3 eV, then the 
source resistance is larger than the drain resistance, which means that the contact 
resistance is determined mainly by the physics of carrier injection. Furthermore, the 
Schottky-barrier (B) is slightly reduced, due to molecular disorder within the organic 
semiconductor. Disorder in organic leads to a broader gaussian distribution of the density 
of states (DOS), which enables new pathways through deep states in the DOS (Fig. 6 red 
arrow).
[34]
 
The mathematical description in the previous chapter assumes ohmic contacts where 
no contact resistant occurs. In this optimized case the transistor current in the linear 
regime can be described with equation 5 where Id is the drain current, W the channel 
width, L the channel length, Cox the capacitance,  the charge carrier mobility, Vg the gate 
voltage, and Vth the threshold voltage. 
   
 
 
              
  
 
       (5) 
e 
 
B 
metal semiconductor 
combined potential 
applied potential 
built-in potential 
distance 
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Taking the source and drain resistance (R) into account, the mobility in the linear regime 
is described with equation 12.
[36,37]
 
    
 
               
  
 
 
    (12) 
The intrinsic mobility (µ0) is constant, whereas the determined mobility (µ) is a function 
of the channel length (L). Equation 12 displays that for longer channel length the mobility 
approaches a limit. For shorter channels, the contact resistance has much stronger 
influence. Charge mobility drops, leading to lower transistor switching speeds.[37] Similar 
results were also shown for the saturation regime.
[38]
 To obtain lower contact resistance 
different metals can be used for the contacts, in order to match the fermi-levels of the 
metal with the orbital energies of the organic semiconductor. For n-type semiconductors  
low work function contacts, for p-types a high work function contact is desirable, in order 
to inject, electrons, or holes, respectivly. Further strategies for lowering contact resistance 
are the use of self-assembled monolayers, e.g. thiols
[39]
 on electrodes or change of device 
architecture.
[36,40]
 
2.2.2 Charge transport through organic semiconductors 
Organic semiconducting materials are typically molecules having an extended 
-electron system. In those systems, overlapping -orbitals are present, which enable 
charge delocalization along the molecule. These molecules can be classified into electron 
and hole transporting materials according to whether majority charge carriers are present. 
Electron withdrawing groups lower the HOMO and LUMO level, whereas electron 
donating groups enhances the HOMO and LUMO level. Low LUMO-levels are favorable 
for electron injection and transport, high HOMO-levels, in contrast, are required for hole 
injection and conduction. The mobility of electrons in organic materials is for practical 
cases much smaller than of holes, because of the high sensitivity of electrons towards 
trap-states.
[41]
 Therefore, high purities and well ordered
 
structures are required to lower 
the density of traps states.
[42]
 Oxygen and water are supposed to be the main reasons for 
trap generation under ambient conditions.
[43]
 To prevent charge trapping with respect to 
water and oxygen low LUMO-levels less than 4.0 eV are essential. 
The three dimensional order in organic materials is often lower than in inorganic 
materials. Thus, the band model where charges are delocalized over several atoms as in 
metals or metal oxide semiconductors is not suitable to describe charge transport in 
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disordered systems. Different models, such as the polaron transport
[44]
 or the Scher-
Montroll formalism,
[45]
 were proposed. However, the most important theory for charge 
transport in disordered organic systems has been introduced by Bässler.
[46]
 Because of 
local disorder and the resulting individual environment of each molecule, their energy 
levels are not monoenergetic. A gaussian distribution of local states is assumed where the 
charges are fixed in an orbital located at one molecule. The charge transport itself takes 
place by hopping among molecules. 
 
Figure 7: The “hopping mechanism” for an n-type semiconductor according to Bässler.[46] 
Because of disorder, a gaussian distribution of energy levels is assumed. The electron (red) is 
localized in a LUMO level at one molecule and can hop to the next molecule after applying an 
electrical field. Depending on their energy, the lowest states of the LUMO levels can act as 
trap (highlighted in yellow). 
A broad energy distribution leads to a broader density of states, so that more highest 
and lowest states are present. Impurities and low crystallinity can be responsible for the 
unfavorable broadening of the DOS. The deepest states can trap charges due to their low 
energy and in this way reduce device performance. To prevent charge trapping by 
chemical traps, high purity is needed. Also remarkable is that charge transport in 
crystalline organic materials depends strongly on the molecular orientation
[47]
 and crystal 
axis.
[48]
 For materials reaching mobilities up to 1 cm
2
/Vs
[49]
 or higher,
[48]
 the band model 
becomes accurate. Here, the mobility goes down with increasing temperature, which is a 
fingerprint for band like charge transport. However, the charge transport mechanism in 
organic materials is not yet understood in all details and still under discussion. 
2.3 Transistor architectures 
Different transistor architectures are known. Bottom-gate bottom-contact transistors 
are often used, as only one step, the deposition of the semiconductor onto the preformed 
substrate, is needed to complete the device. Those substrates are commercially available, 
which is ideal for fast material screening and device optimization. The electrodes are 
typically made of gold. The low work function of gold matches well with the HOMO 
energy LUMO 
HOMO 
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levels of p-type materials. For n-type materials, gold electrodes can be modified with 
thiols in order to increase the work function for better electron injection.
[39]
  
 
 
Figure 8: Most important transistor architectures. a) The bottom-gate bottom-contact, 
b) bottom-gate top-contact structure c) and top-gate bottom-contact configuration. 
The electrodes in top-contact bottom-gate devices are typically evaporated through a 
shadow mask on top of the organic semiconductor.  To prevent destruction and 
penetrating of metal atoms into the organic layer, a careful metal evaporation is required. 
As a result, complete and dense metal electrodes cover the organic, so that the contact 
resistance in top-contact bottom gate transistors is approximately one order of magnitude 
lower compared to bottom-contact devices.
[36]
 The most challenging device architecture 
discussed here is the bottom-contact top-gate configuration. Here, the gate electrode is 
deposited on top of the organic semiconductor so that the semiconductor is encapsulated 
between the substrate and the dielectric with gate electrode. This encapsulation increases 
device stability under ambient conditions.
[50,51]
 Also the contact resistance can be reduced 
in this setup.
[52]
 Nevertheless, the elaborate device fabrication makes this architecture 
more difficult to realize so that the bottom-gate bottom-contact device is the most widely 
used transistor device. In the following chapter materials for n-type transistors are 
discussed. 
2.4 Rylene bisimides for electronic devices 
A widely used class of electron transporting materials are the rylene based diimides. 
The basic building block is a naphthalene unit. This unit can be connected at the 1,1´ or 8, 
8´ position with further naphthalene units to build up oligo(peri-naphtalene)s. Finally, the 
rylene bisimides are formed by termination of those naphthalenes with two bisimides 
groups. Typical examples are shown in figure 9. Chemical modification by organic 
synthesis allows a broad variation of the tails at the imide group or of substituents 
attached to the rylene skeleton in order to adjust solubility, packing behavior or 
optoelectronic properties. High electron mobilities, and desirable chemical, thermal, and 
a) b) c) 
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photochemical stability makes this class of molecules attractive as active material in 
organic photovoltaics,
[53]
 organic light-emitting diodes,
[54]
 dye lasers
[55]
 or field-effect 
transistors.
[56]
 
 
Figure 9: Chemical structures of rylene based materials for organic field-effect transistors: the 
basic building block naphthalene (1), naphthalene bisimide (2),
[57]
 perylene bisimide (3),
[58,59]
 
terrylene bisimide (4),
[60]
 quaterrylene bisimide,
[61]
 coronene bisimide (6),
[62]
 naphthalene 
bisimides based polymers (6,7),
[63,64]
 and perylene bisimide (8,9) based polymers.
[65,66]
 
 
2.4.1 Perylene bisimides for OFET applications 
Perylene bisimides are the best investigated rylenes for organic field-effect transistors. 
Their excellent stability and packing behavior makes perylene bisimides useful candidates 
for high performance transistors. Ambient stability of perylene bisimides can be reached 
by chemical modification. Therefore, two different strategies are useful: attaching linear 
fluorinated alkyl chain to the imide nitrogen results in a close packed structure which is 
claimed to create an intrinsic atmospheric barrier.
[56]
 The second strategy lowers the 
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LUMO-level of the molecule by introducing electron withdrawing groups to the perylene 
core, in order to prevent reactions with trapping species e.g. oxygen or water.
[43]
 
The raw material for perylene bisimides is acenaphthene 9 (Fig. 10), which can be 
obtained by extraction of coal tar.  Further oxidation with vanadium oxide yields 
naphthalic anhydride 10. With aqueous ammonia, naphthalimide 11 is formed in a 
quantitative condensation reaction. An alkaline fusion reaction is used to transfer 11 into 
the perylene core. This is done in molten alkali via a bimolecular nucleophilic substitution 
of two naphthalimide units to achieve 12 after precipitation into water. 
OO O NO O
H
N
N
OOH
OH O
H
H
N
N
H
OO
OO
H
O
O
OO
OO
9                    10                     11                     12                       13                    14
                                                                                                                       PTCDA  
Figure 10: Chemical synthesis of 3,4,9,10-Perylenetetracarboxylic dianhydride 14, which is 
commonly used as commercial available starting material for the synthesis of homo- and 
heterosubstituted perylene bisimides.
[67]
 
 
Compound 12 is oxidized with air or peroxide to the bisimide 13, which is finally 
hydrolyzed in concentrated sulfuric acid at temperatures in excess of 200°C to the product 
3,4,9,10-perylenetetracarboxylic dianhydride 14. 
In principle, perylene bisimides can be divided into homo- and hetero substituted 
bisimides. Homo substituted perylene bisimides bear the same tail on both imide 
nitrogens. These bisimides can be obtained in a simple one step condensation reaction of 
PTCDA 14 with primary amines (Fig. 11; step I) in high yields. To get hetero substituted 
perylene bisimides, two different routes are principally used which are also depicted in 
figure 11. In both cases, commercially available PTCDA 14 is used as starting material 
(Fig 11). In route A, the dianhydride PTCDA reacts first with an amine to the 
homosubstituted bisimide b. A partial saponification under strongly basic conditions to 
the monoimide monoanydride c is described by Langhals et al.
[68]
 In the last step, the 
recovered anhydride group reacts with another amine to form the hetero substituted 
perylene bisimide d. During the alternative route B the mono potassium salt e is formed 
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by complete hydrolysis of PTCDA 14 by potassium hydroxide and subsequent titration 
with acetic acid. Here, the potassium salt acts as protective group so that in the following 
step only the left anhydride group is able to react with ammonia to the mono imide f. In 
the following step the recaptured anhydride moiety reacts with an amine to bisimide g. 
This species has an acidic hydrogen at the imide group, which can be abstracted under 
basic conditions. After H-abstraction the formed anion allows an SN2 reaction with 
bromides to obtain the heterosubstituted bisimides d. 
 
 
Figure 11: Two chemical strategies towards homo- and hetero substituted perylene 
bisimides.
[69,70,71,72]
 
  
2.5 Self-assembled monolayer field-effect transistors 
Whitesides defined self-assembly as the autonomous organization of components into 
patterns or structures without human intervention.
[73]
 The concept of self-assembly is used 
in nature,
[74]
 as well as in man-made technical application
[75]
 and can be principally 
divided into two major forms of self-assembly: dynamic and static. Patterns formed by 
dynamic self-assembly are only stable if the system dissipates energy e.g. biological cells. 
Systems made by static self-assembly are at an equilibrium and do not dissipate 
energy.
[73]
 
Self-assembled monolayers (SAMs) belong to the type of static self-assembly. Here a 
covalent bond is formed between molecules and surface via a reactive group building up a 
two-dimensional monomolecular layer just by immersing a substrate into a solution of the 
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active material. A reactive group in the molecule reacts spontaneously with the surface. 
Depending on the substrate, different anchor groups are useful. The most extensively 
studied SAMs are thiols on gold.
[76]
  
SAM-formation attracted huge interest because of its manifold fields of application. 
SAMs allows dramatic changes of material properties e.g. wetting behavior
[77]
 or the 
engineering metal work functions,
[78,39]
 control over corrosion
[79] 
and crystallization of 
deposited organic materials,
[80,81]
 and changing characteristics in electronic devices
[82,83,84]
 
and much more. 
 
Figure 12: Schematic illustration of a molecule having a reactive group (blue) and a tail 
(black). The reactive group allows a spontaneous fixation to a surface in order to form a 
monolayer. 
Ultra thin layers are also attractive in the field of organic field-effect transistors. 
Studies have shown that for a working transistor only a few layers of the organic 
semiconductor are needed.
[85,86,87,88]
 Even monolayer field-effect transistors were 
fabricated from small molecules,
[89,90]
 as well as from polymers
[91,92]
 by different 
techniques. The use of self-assembly in order to get semiconducting monolayers for 
transistor applications offers a huge step forward towards low cost large area electronics 
by a simple low temperature process. The first so called self-assembled monolayer 
field-effect transistor (SAMFET) was made by Tulevski et al. using a chatechol based 
molecule (see figure 13) chemisorbed onto aluminum oxide.
[93]
 The monolayer in which 
the molecules are standing upright allow a gate modulated hole transport for sub-100 nm 
transistors. However, the electrical performance and device yield of working transistors 
having channel lengths longer than 60 nm was still low. Far smaller SAMFETs were 
achieved by Guo et al. using a hexabenzocoronene derivative as semiconductor bonded 
via acid chloride moieties to silicon dioxide.
[94]
 Here, the electrodes consist of a single-
walled carbon nanotubes. An ultrafine lithography process allows cutting of these 
nanotubes. The resulting nanogaps represent transistor channels with lengths in the range 
of 2-6 nm. Parallel stacks of 4-12 molecules between the electrodes enable hole transport 
with mobilities of 1 cm
2
/Vs and on/off ratios of 10
5
. Mottaghi et al. were able to build up 
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thiophene based short channel SAMFETs on silicon dioxide getting hole mobilities up to 
3.5x10
-3
 cm
2
/Vs.
[95]
 Phosphonic acids anchor groups were used by Hutchins et al. to fix a 
quinquethiophene derivative covalently to aluminum oxide dielectrics by spin coating.
[96]
 
Mobilities on the order of 10
-6 
cm
2
/Vs were obtained for a wide range of channel lengths 
up to 80 m. Nevertheless, all SAMFETs described up to this point are either difficult to 
fabricate or exhibit relatively low performances. The best SAMFETs so far were realized 
by Smits et al.
[97]
 They used a quinquethiophene derivative with an ethyl end-capper at 
one side and an undecyl-spacer bearing a terminal chlorosilane group at the other side. 
The tailored chemical structure of the molecule was the result of a compromise between 
sufficient solubility and a highly extended chromophore system. Grazing incidence X-ray 
diffraction studies revealed a herringbone arrangement of the chromophores,
[98]
 typical 
for oligothiophenes. Bottom-gate, bottom-contact transistor substrates were submerged 
into a solution of the active molecule at room temperature for 24 hours. A condensation 
reaction of the liquid crystalline molecule with hydroxy groups of the surface leads to a 
covalently fixed, dense, and smooth 3.5 nm thick monolayer on top of the silicon dioxide. 
After immersion, decent transistor characteristics were obtained showing almost no 
hysteresis. High on/off ratios of 10
6
 and mobilities up to 0.04 cm
2
/Vs were measured, on 
par with quinquethiophene single-crystalline thin-film transistors.
[99]
 The high 
performance of the molecules and the reliability of the fabrication process allows also 
fabrication of first integrated circuits based on SAMFETs e.g. a unipolar bias inverter and 
a 7-stage ring oscillator. The most complex device was a 15-bit code generator. This 
device combines more than 300 single SAMFETs simultaneously addressed. 
Furthermore, it has been shown that the molecule forms ordered semiconducting layers 
also on polymer surfaces.
[100]
 The demonstration of integrated circuits on foil is a 
promising step forward towards flexible low cost electronics based on SAMFETs. The 
unique high performance of this quinquethiophene derivative allows further detailed 
studies, in order to solve fundamental questions. Such monolayer allows direct 
measurements of the active layer in organic field-effect transistors without disturbance by 
the bulk material. The effect of charge carrier confinements on charge transport,
[101]
 
measuring the density of states by scanning kelvin probe microscopy (SKPM),
[102]
 as well 
as optical investigations,
[103]
 are examples for what SAMFETs are useful, in order to get 
new fundamental informations about charge transport in 2-dimensional organic materials. 
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All SAMFETs described here so far are based on p-type materials. However, the 
established circuit design for integrated circuits is based on the complementary metal 
oxide semiconductor (CMOS) technique. High noise immunity can be obtained by 
combining p-type and n-type together in one device. Due to the fact that one transistor is 
always off, the power consumption of CMOS-circuits is quite low. These two advantages 
made CMOS to the most widely used technique for integrated circuits.  
Novak et al. described the first n-type SAMFET so far.
[104]
 They fixed a C60-fullerene 
derivative via a phosphonic acid group onto an aluminum oxide dielectric by 
self-assembly. High resolution transmission electron microscopy confirmed a 2.5 nm 
thick organic layer on top of the substrate which is comparable to the calculated 
molecular length. The resulting bottom-gate top-contact field-effect transistors showed 
field-effect mobilities of 10
-4
 cm
2
/Vs, a threshold voltage of 3 V, and on/off-ratios of 
2x10
4
.  
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Figure 13: Chemical structures of molecules designed for SAMFET applications. (1) End 
functionalized tetracene for anchoring onto aluminumoxide,
[93]
 (2) Hexabenzocoronene for 
ulta-small transistor channels,
[94]
 (3) Thiophene based molecule for SAMFETs on aluminum 
oxide,
[95]
 (4) Thiophene based molecule for SAMFETs made by spincoating,
[59] 
(5) high 
performance thiophene based molecule for SAMFETs on silicon dioxide,
[97]
 (6) Thiophene 
based molecule for low voltage SAMFETs,
[104]
 (7) fullerene based molecule as the first n-type 
material for SAMFETs.
[104]
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3  Aim of the Thesis 
 
 
 
 
 The development of new soluble semiconducting materials is crucial for the 
realization of flexible low-cost electronics, made by simple fabrication processes. 
Inorganic nanoparticles, as well as organic materials, are suitable candidates for cheap, 
solution based processes, e.g. printing. Whereas, organic hole conducting compounds 
(p-type) already exhibit reasonable device performances, reliable electron transporting 
materials (n-type) are still needed in order to build up circuitry with the well established 
complementary metal oxide semiconductor (CMOS) logic. The aim of this thesis is the 
synthesis of organic compounds and their application in n-type field-effect transistors. In 
order to realize flexible devices easy device fabrication steps at low temperatures are 
desirable. For this approach two strategies were pursued: modification of inorganic zinc 
oxide nanoparticles by organic materials, and fabrication of self-assembled monolayer 
field-effect transistors (SAMFETs). For both strategies, perylene bisimides with different 
linker groups were synthesized. In order to modify zinc oxide nanoparticles, linkers were 
chosen, which passivate dangling bonds at the surface of zinc oxide nanoparticles. 
Dangling zinc bonds are known as electron donors, facilitating electron conduction even 
if the transistor is switched off. Passivation of these unwanted bonds is supposed to 
reduce the off-current and to enable nanoparticular zinc oxide field-effect transistors. 
The main focus of this thesis is on n-type self-assembled monolayer field-effect 
transistors (SAMFETs). Self-assembly is a promising bottom-up approach for simple, 
large area device fabrication at low temperatures. Furthermore, the absence of bulk 
current in SAMFETs makes them attractive for transistors with high on/off-ratios, 
maintaining other important transistor parameters, such as high charge carrier mobility 
and low threshold voltage. 
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4  Overview of the Thesis 
 
 
 
 
 The thesis contains three papers which are presented in chapters six to eight. 
One paper is added to the appendix in chapter nine. Three have been already accepted, 
one is intended for submission to Organic Electronics. 
All chapters deal with the synthesis and characterization of semiconducting perylene 
bisimides and their application in n-type field-effect transistors. The perylene bisimides 
used in this thesis were tailored to modify inorganic oxides. Therefore, linker groups were 
chemically introduced, which can form either non-covalent or covalent bonds to oxide 
surfaces, in order to enhance transistor performance and to enable simple solution based 
fabrication processes. For this purpose two strategies were pursued: passivation of 
inorganic nanoparticles and direct self-assembly of semiconducting monolayers onto 
inorganic dielectrics. 
Chapter six deals with n-type field-effect transistors based on zinc oxides 
nanoparticles. In general, the surface plays a crucial role in determining the properties of 
nanoparticles, due to their extreme surface to volume ratio. Typically, dangling zinc 
bonds are present at zinc oxide surfaces. These bonds act as electron donating groups, 
leading to an increased intrinsic conductivity. Therefore, nanoparticulate zinc oxide thin 
film transistors show low on/off-ratios with no field-effect behavior. Selective 
modification of zinc oxide surfaces was done by organic compounds, to fill voids 
between nanoparticles on the one side, and to passivate the oxide surface on the other, 
leading to semiconducting behavior of zinc oxide nanoparticles. 
The main part of this thesis is presented in chapters seven to nine, which deal with 
self-assembly of monolayers (SAMs) and their application as 2-dimensional electron 
transport layer in so-called self-assembled monolayer field-effect transistors (SAMFETs). 
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 It is known that charge transport in organic field-effect transistors is managed only by 
a few layers very close to the dielectric. Therefore, the absence of bulk layers in 
SAMFETs shows no significant negative influence on the device performance. The 
absence of bulk material even decreases the off-current, which is favorable for the 
transistor performance. In these chapters it is shown that a covalently fixed, dense, and 
semiconducting monolayer is spontaneously formed between source and drain electrode, 
and is enough for reliable n-type organic field-effect transistors. Therefore, molecules 
were synthesized, having a semiconducting core connected via a spacer to a reactive 
group, which allows a covalent fixation onto transistor dielectrics. Precise studies using 
several techniques revealed a complete, homogeneous, and smooth 2-dimensional 
semiconducting sheet on top of inorganic oxide dielectrics, paving the way to highly 
reproducible and well performing organic electronics by self-assembling. 
All organic compounds were synthesized, purified, and analyzed using standard 
techniques. For analyzing the morphology of nanoparticulate thin films, scanning electron 
microscopy (SEM) was chosen. The length of several molecules was calculated using 
Avogadro 1.0.3 software. Roughness of SAMFETs was investigated by atomic force 
microscopy (AFM). X-ray photoelectron spectroscopy (XPS) was used to determine surface 
coverage, molecular composition, molecular orientation, and thickness of self-assembled 
monolayers. Furthermore, X-ray reflectivity (XRR) studies were done to itemize out of plane 
order of the monolayers. Grazing incidence X-ray diffraction (GIXD) measurements were 
performed in order to get information about in-plane order of the SAMs. Electrical 
characterizations were carried out at room temperature under either vacuum, or nitrogen 
atmosphere. 
The organic semiconductors which were synthesized in this thesis belong to the well 
known class of perylene bisimides (PBIs). High thermal stability, good packing behavior, 
and possible modification by chemical synthesis are the main reasons why this class of 
material was chosen. 
Chapter six presents the first approach of this thesis where a perylene bisimide is used 
to modify zinc oxide nanoparticles. The advantage of zinc oxide nanoparticles is their 
solution processability, which makes them useful for spin coating or printing processes. 
However, transistors made from pure nanoparticulate zinc oxide dispersions show 
characteristics with high on as well as off currents. No gate modulation of the drain 
current was observed. One reason for this intrinsic conductivity are dangling zinc bonds 
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at the surface of zinc oxide. These unsaturated zinc bonds act as electron donating group. 
Providing electrons in the material means an increase in conductivity of the n-type 
semiconductor, even if no gate voltage is applied. The high surface to volume ratio in 
nanoparticles continues to deteriorate transistor performance. Due to the presence of these 
charge carriers, it is impossible to switch the transistors off - the transistors are always in 
the on-state. Consequently, low on/off-ratios make such transistors unsuitable for 
electronic circuits. It has been proven that pyrrolidone moieties form non-covalent bonds 
to dangling zinc bonds in zinc oxide. In order to prevent large amounts of insulating 
material, these groups were fixed to a perylene bisimide core, which is an n-type 
semiconductor by its own and can fill voids between the n-type zinc oxide particles. A 
second perylene bisimide was synthesized as reference, bearing two inert perfluorinated 
alkyl tails, which do not inter with the zinc oxide. Mixing the fluorinated reference 
compound together with zinc oxide nanoparticles did not lower the high intrinsic 
conductivity of zinc oxide nanoparticles. It was shown that in contrast the perylene 
bisimide with pyrrolidone linkers can turn the zinc oxide into a semiconductor with 
n-type field-effect transistor behavior. 
The second approach, constituting the main part of the thesis, is presented in chapters 
seven to nine. In these chapters perylene bisimides were tailored for the application in 
self-assembled monolayer field-effect transistors (SAMFETs). In contrast to the perylene 
bisimides described in the previous paragraph, these bisimides are heterosubstituted. On 
one side of the perylene bisimide core an end-caper was attached in order to control 
stacking behavior and solubility. On the other side a linear alkyl spacer was introduced, 
functionalized with a terminal anchor group. As anchor group, phosphonic acid was 
chosen to enable covalent fixation onto aluminum oxide surfaces, which is often used as 
dielectric in transistor devices. For high solubility a branched alkyl tail was used as 
end-capper in the first case. The target molecule PBI-PA was obtained after six reaction 
steps in high yield. For the SAMFET fabrication, transistor substrates with aluminum 
oxide dielectrics were submerged into a dilute solution of PBI-PA. A covalently fixed 
monolayer was spontaneously formed during the immersion by a condensation reaction of 
the phosphonic acid with the hydroxide groups of the aluminum oxide surface. After this 
self-assembly process, organic transistors presented bulk-like electron mobilities and high 
on/off-ratios together with the desired low threshold voltages. The fact that a gate 
modulated drain current was obtained for all measured transistors, including devices with 
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channel length up to 100 m, indicates a high reproducibility. Furthermore, an n-type 
SAMFET was connected with a p-type SAMFET to a CMOS-bias inverter, 
demonstrating, for the first time, the opportunity of complementary logic for SAMFETs.  
Chapter eight shows a way to increase SAMFET performance by tailored chemical 
modification of the self-assembled molecule. Here, the branched alkyl tail was replaced 
by a short linear fluorinated alky tail. The linear shape of the tail allowed a denser 
packing of the perylene chromophores on the surface. Higher coverage led to a more 
complete passivation of hydroxyl groups at the surface, which are known to act as trap 
states. As a result, monolayers with high electron mobilities and on/off-ratios were 
obtained, showing reduced hysteresis. Additionally, measurements of n-type SAMFETs 
and the realization of the first SAMFET based NMOS-bias inverter, both on polymer 
based substrates, proved the practicality of n-type SAMFETs, for flexible organic 
electronics. 
In the following, the key-results of the individual publication are summarized. Further 
detailed information about synthesis or analytical studies can be found in the publications 
and accompanying supporting informations. 
 
 
Figure 14: Schematic illustration of two approaches used in this thesis to realize n-type 
organic field-effect transistors: surface modification of ZnO-nanoparticles and n-type self-
assembled monolayer field-effect transistors (SAMFETs). 
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4.1 N-type perylene to fill voids in solution processed 
nanoparticulate zinc oxide thin films 
For the paper in chapter six, two perylene bisimides were synthesized in order to 
suppress the intrinsic conductivity and to fill voids between zinc oxide nanoparticles by 
mixing organic and inorganic compounds. The surface sensitivity in nanoparticulate thin 
layers is enhanced, due to the large surface to volume ratio. Atmospheric surface 
adsorbates are known to influence field-effect transistor behavior in a negative way. 
Furthermore, voids between neighboring nanoparticles disturb charge pathways between 
source and drain electrodes. Both peculiarities of nanoparticles have negative impact on 
the transistor performance. To overcome the disadvantages of zinc oxide nanoparticles a 
special chemical linker was used to passivate the particle surface. In order to fill voids, 
the linker is connected to an n-type perylene bisimide. The chemical structures of the 
molecules used here are depicted in figure 15. 
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Figure 15: Chemical structures of two perylene bisimides. a) PBI-F with perfluorinated alkyl 
tails. b) PBI-Pyr with two pyrrolidone moieties.  
The organic substances were synthesized in a condensation reaction of perylene-
3,4,9,10-tetracarboxylic dianhydride with the corresponding amine, whereas zinc oxide 
nanoparticles were provided from Evonik Industries. Nanoparticulate zinc oxide dispersions 
were made using methoxyethanol as surfactant. Thin films were made by spin coating. To be 
compatible with polymer substrates, the temperature was maintained at a low level during all 
fabrication steps, never exceeding 125°C. 
The perylene bisimide PBI-F (in the paper the molecules are named PDI-F and PDI-Pyr) 
has two linear fluorinated alkyl tails (see figure 15). Spin coating of PBI-F and zinc oxide 
nanoparticle composites resulted in inhomogeneous thin films. The perylene bisimide formed 
aggregates, leading to precipitates. The conductivity of such films decreased by increasing 
PBI-F content, which is attributed to the reduced number of percolation pathways, due to 
PBI-F aggregates. Furthermore, the inactive fluorinated tails had no effect on the dangling 
zinc bonds, which were still present, so that the PBI-F composite films showed rather ohmic 
PBI-F                                                          PBI-Pyr 
a)            b) 
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than semiconducting properties. A gate modulation of the drain current was not observed 
(Fig. 16a). 
 
Figure 16: Transfer characteristics of PBI-F (left) and PBI-Pyr (right) zinc oxide hybrid 
transistors. The concentration of the perylene bisimides is varied between 0–8 weight-%. All 
transistors containing PBI-F as organic compound exhibit no gate modulation of the drain 
current. PBI-Pyr composites in contrast show semiconducting properties for devices with 4 and 
8 weight%. 
In contrast to inactive PDI-F, the bisimide PBI-Pyr contains two active pyrrolidone 
moieties. These groups are known to bind to dangling zinc bonds at zinc oxide surfaces. 
Dangling zinc bonds at zinc oxide surfaces act as electron donors, which are supposed to be 
responsible for intrinsic charge transport. PBI-Pyr was chosen to passivate the surface of the 
zinc oxide nanoparticles in order to decrease the conductivity in the off-state. The perylene 
core itself acts as n-type semiconductor and can be embedded in voids between nanoparticles, 
generating new conducting percolation pathways for electrons. As shown in figure 16b, 
addition of 2 weight-% of PBI-Pyr to the zinc oxide dispersion already resulted in 
semiconducting field-effect transistors. An increase of the amount of PBI-Pyr up to 
4 weight-% showed further improvement. At this point the transistor conducted actually no 
charges in the off-state, also for high drain biases, as the density of thermally active charge 
carriers is reduced. Higher concentrations of PBI-Pyr led to a dramatically drop of the 
transistor current also in the on-state. The reason for this observation is once more the 
precipitation of the organic compound, which lowers the amount of conduction pathways. 
These results show that controlled addition of well chosen additives allows a transformation 
of conducting into semiconducting zinc oxide. 
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Figure 17: a) Output and b) transfer characteristics of a nanoparticulate zinc oxide field-effect 
transistor with 4 weigth-% of PBI-Pyr. The electron mobility of the device is 7.5x10
-5
cm
2
/Vs, 
the on/off-ratio is 10
3
. 
 
 
 
 
 
 
4.2 N-type self-assembled monolayer field-effect transistors and 
complementary inverters 
It is known that approximately 90% of charge transport in organic field effect 
transistors is managed by the first layer on top of the dielectric. Therefore, a single 
monolayer should be sufficient for reliable transistors. Unwanted bulk currents would be 
eliminated, which decreases the on/off-ratios in organic field-effect transistors. This 
chapter describes the novel, heterosubstituted perylene bisimide PBI-PA, designed for 
monolayer field - effect transistors, fabricated by a simple self-assembly process at low 
temperatures. For those self-assembled monolayer field-effect transistors (SAMFETs), 
the perylene bisimide provides a branched alkyl tail at one side to enable sufficient 
solubility. At the other side a linear alkyl spacer bearing a terminal phosphonic acid unit 
was attached. The C11-spacer allows a certain degree of flexibility, whereas the 
phosphonic acid enables a covalent fixation to the aluminum oxide surface. The chemical 
structure of PBI-PA is shown in the inset of figure 19. Transistors were made by 
submerging pre-structured substrates with aluminum oxide dielectrics into a dilute 
solution of PBI-PA. After 24 hours, the substrates were taken out of the solution, rinsed 
with solvent in order to get rid of unwanted precipitates, dried on a hotplate, and 
subsequently characterized. Figure 18 presents an atomic force microscopy (AFM) height 
image of a plane SAMFET channel, embedded between source and drain electrodes. 
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Figure 18: a) Atomic force microscopy height image of a SAMFET channel. The yellow areas 
to the left and right are the source and drain electrodes. The smooth channel in the middle 
exhibits some 20 nm high islands which are supposed to be substrate defects.  b) Cross section 
through the transistor channel. 
The surface coverage and thickness of the organic layer was investigated by X-ray 
photoelectron spectroscopy (XPS). These measurements revealed a complete coverage 
and a thickness of the organic layer of 3.1 nm, which is in good agreement with the 
calculated molecular length of PBI-PA. 
Out of plane order was studied using X-ray reflectivity (XRR) measurements. These 
studies were also verified by theoretical calculations, using a three layer model. The 
results revealed an organic monolayer on top of aluminum oxide which itself can be 
divided into three separate regions (see figure 19). The third region corresponds to the 
branched end-capper, the second region corresponds to the aromatic core, and the first 
region close to the dielectric corresponds to the aliphatic spacer. The obtained thicknesses 
are in good agreement with the estimated lengths. Also the electron densities reflect a 
consistent layer structure, where the electron density of the middle layer is noticeable 
enhanced, due to the present of electron rich elements such as nitrogen and oxygen. The 
electron density of the first region is also slightly enhanced compared to the third layer. 
The reason for this observation is the presence of phosphorous and oxygen, which 
originates from the phosphonic acid linker group.  
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Figure 19: X-ray reflectivity investigation of PBI-PA monolayers. The black curve shows the 
experimental results, the red line gives the model calculation. The inset shows the chemical 
structure of PBI-PA. 
The in-plane order of PBI-PA monolayers was investigated by grazing incidence X-ray 
diffraction measurements (GIXD). A broad diffraction peak (qxy) at 17.5 nm
-1
 is 
observed, corresponding to a perylene-perylene distance of 3.6 Å (see figure 20), 
typically known for this class of molecules. The relatively wide diffraction signal 
indicates low crystallinity of the monolayer. The width of the diffraction peak of 2 nm
-1
 
results in a correlation length of 3.1 nm. However, XRR and GIXD investigations 
revealed a twisted arrangement of PBI-PA, perpendicular ordered with respect to the 
aluminum oxide. 
 
Figure 20: Grazing incidence X-ray diffraction (GIXD) measurements of a bare aluminum 
oxide substrate (dotted curve), a self-assembled PBI-PA monolayer onto aluminum oxide 
(black curve), and a fit (red curve) for clarification. 
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Electrical characterizations of several bottom-gate bottom-contact transistors were 
carried out under inert atmosphere. A typical output and transfer characteristic of a 
PBI-PA SAMFET is presented in figure 21. The device has a channel length of 20 m 
and a width of 1000 m. The calculated electron field-effect mobility is 1.5x10-3 cm2/Vs. 
An on/off-ratio in the order of 10
4
 and a threshold voltage close to zero was observed. All 
measured devices showed gate modulation of the drain current, i.e. device yield of 100%.  
 
Figure 21: Field-effect characteristics of a PBI-PA SAMFET. a) Output characteristics of a 
PBI-PA SAMFET with a channel length/width ratio of 40m/1000m. The gate voltage is 
varied in 5 V per step, the drain voltage is varied from 0 V to 20 V. b) Transfer characteristics 
of the same device in the saturation regime. The gate voltage was varied from 0 V to 20 V.  
It is remarkable that a field-effect is observed for short channel as well as for long 
channel transistors, so that, for the first time, well performing SAMFETs, having channel 
lengths up to 100 m were descibed. Channel length dependence measurements of the 
electron mobility showed an increase of mobility for short channel transistors up to 
40 m. At this point, the mobility began to become constant. Such a saturation of the 
mobility is a fingerprint for a complete surface coverage of the active material, enabling 
charge transport through percolation pathways also over long distances. 
To assure robust and low power circuits, the complementary metal oxide 
semiconductor (CMOS) technique is crucial. In CMOS-logic pairs of p-type and n-type 
transistors are combined to one device in which power dissipation only occurs during 
switching processes. In order to build-up a SAMFET based CMOS bias inverter, a 
quinquethiophene derivative is used for the p-type SAMFET, whereas a PBI-PA SAMFET is 
used as the corresponding n-type device. Mobilities of both transistors were matched by 
adjusting transistor channel lengths. Both devices were connected by hand in a 
complimentary layout as shown in figure 22b. The input voltage was varied from 10 V to 
30 V in 5 V per step. The resulting bias inverter characteristics are shown in figure 22a. At a 
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supply voltage of 30 V, a high gain value of 15 with the “trip-point” at around 23 V of Vin 
was obtained. Noise margin and gain received in this bipolar bias inverter was larger than for 
unipolar PMOS inverter previously reported and on par with conventional organic CMOS. 
 
Figure 22: a) Characteristics of a SAMFET based bipolar bias inverter. The supply voltage 
(Vdd) was varied from 10 V to 30 V in 5 V per step, the input voltage is swept from 0 V to 30 
V. The individual gain is presented as dashed line. b) Diagram of a CMOS bias inverter used 
in this thesis. 
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4.3 N-Type self-assembled monolayer field-effect transistors  
for flexible organic electronics 
In this chapter a novel approach is presented in order to improve n-type SAMFET 
device performance. The molecule PBI-PA, which is used in chapter 7 as semiconductor 
in n-type SAMFETs, bears a branched alkyl tail at one side. Computer simulations 
revealed an orthogonal orientation of the tail to the aromatic chromophore. Steric 
repulsion between the branched alkyl tails resulted in a relatively low phosphorous 
coverage of 1.8x10
18
 molecules per cm
2
. Furthermore, a twisted arrangement of the 
molecules was assumed, also due to steric repulsion of the branched tails. As a result, 
transistor characteristics with relatively large hysteresis were observed. The origin of this 
hysteresis was believed to be due to hydroxide groups at the dielectric surface. To reduce 
hysteresis a new molecule was designed to get a more complete surface coverage. The 
chemical structures of PBI-PA and the new molecule PBIF-PA are shown in figure 23. 
 
Figure 23: a) Side view on PBI-PA (left). Chemical structure of PBI-PA (middle) and a top 
view onto the corresponding calculated structure (right). b) Top view onto PBIF-PA (left), its 
chemical structure (middle), and side view (right). The top views clarify the slimmer shape of 
PBIF-PA in contrast to PBI-PA. The two black eyes indicate the viewing direction onto the 
calculated structures. 
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As shown in figure 23, PBI-PA claims more space, due to the bulky alkyl tail. In 
contrast, PBIF-PA bears a short, linear fluorinated alkyl tail with less space demand, so 
that a better surface coverage is expected. 
Field-effect transistors were fabricated by submerging pre-structured substrates into a 
dilute solution of PBIF-PA. During the immersion the phosphonic acid group binds 
covalently to the aluminium oxide dielectric to form a dense monolayer. The monolayer 
was investigated using XPS, XRR, and GIXD. Surface coverage was determined by XPS. 
It was found that the coverage of PBIF-PA was around 20% higher compared to PBI-PA. 
XPS also shows that fluorine is located mainly at the outer layer, whereas phosphorous is 
present almost exclusively at the bottom, close to the dielectric. 
The out of plane order was underpinned by XRR measurements. A monolayer was 
found which can be divided into three different segments. The lengths of the individual 
segments were in good agreement with computer calculations, which gave a thickness of 
2.69 nm of the SAM. It was remarkable that the electron density of the top of the SAM 
was enhanced. This observation was indicative for a high concentration of fluorine at the 
top. The electron densities of the middle and the bottom layer were comparable to the 
densities which were found for PBI-PA SAMs. 
 
Figure 24: XRR investigations of PBIF-PA monolayers. The black curve shows the experimentally 
obtained data. The red curve shows a simulation using a three layer model.  
 
In plane order was examined by grazing incidence X-ray diffraction studies. The 
absence of any reflection signals proved an amorphous organic layer on top of aluminium 
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oxide. This observation suggests a growth mechanism which is different from the island 
growth mechanism, known for thiophene based SAMs. In this case the SAM is formed by 
the driving force to create a phosphonic ester bond to aluminium oxide and 
predominantly not by interactions between the perylene bisimide cores. 
The resulting PBIF-PA SAMFETs showed electron mobilities up to 10
-3
 cm
2
/Vs and 
high on/off-ratios up to 10
6
. In addition, forward and backward measurements showed 
only small hysteresis. This is attributed to better aluminium oxide coverage with 
PBIF-PA. Furthermore, the fact that the phosphonic acid was located completely at the 
dielectric enabled a more efficient passivation of hydroxide groups at the Al2O3-surface. 
Besides SAMFETs on non flexible devices, transistors were fabricated by using 
polymer based substrates. Similar results, as with non-flexible substrates, were received. 
Furthermore, a unipolar bias-inverter on a flexible substrate proved the capability of 
n-type SAMFETs with flexible electronics (see figure 25). 
 
Figure 25: PBIF-PA SAMFET characteristics on a flexible polymer based substrates.            
a) Output characteristics of PBIF-PA SAMFET with a channel length of 2.5 m and a channel 
width of 500 m. The drain voltage was varied from 5 V (blue) to 30 V (red).                         
b) Characteristics of a unipolar NMOS bias inverter based on two n-type PBIF-PA SAMFETs. 
c) Diagram of the bias inverter. 
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Individual contribution to joint publications: 
In the following the contributions of the individual authors to the papers are specified. 
 
Chapter 6: 
“N-Type Perylene To Fill Voids In Solution Processed Nanoparticulate Zinc Oxide Thin 
Films” 
Published in: Physica E 44, 2012, 2124–212; DOI: 10.1016/j.physe.2012.06.027 
by Simon Bubel, Andreas Ringk, Peter Strohriegl, Roland Schmechel 
I designed, synthesized, and characterized the organic materials for this publication 
and I wrote the corresponding sections for this paper. Simon Bubel prepared and 
measured the transistor devices and wrote the paper. Prof. Peter Strohriegl and Prof. 
Roland Schmechel supervised the project and corrected the manuscript. 
 
Chapter 7: 
“N-Type Self-Assembled Monolayer Field-Effect Transistors and Complementary 
Inverters” 
Published in: Advanced Functional Materials 2012, DOI: 10.1002/adfm.201202888 
by Andreas Ringk, Xiaoran Li, Fatemeh Gholamrezaie, Edsger C. P. Smits, Alfred 
Neuhold, Armin Moser, Cees Van der Marel, Gerwin H. Gelinck, Roland Resel, Dago M. 
de Leeuw, Peter Strohriegl 
I designed, synthesized, and characterized the organic semiconductor for this 
publication. Transistor devices were fabricated, optimized, and characterized during my 
stay at the Holst Centre in the Netherlands in Eindhoven together with Xiaoran Li. 
Fatemeh Gholamrezaie provided the p-type SAMFET for the COMS-circuit, which was 
measured by Edsger Smits. Alfred Neuhold and Armin Moser performed XRR and GIXD 
measurements under the supervision of Prof. Dr. Roland Resel. Cees Van der Marel made 
XPS investigations. Dr. Gerwin Gelinck and Prof. Dago de Leeuw gave fruitful input 
during several discussions. I wrote the publication and jointly finalized it with the help of 
all co-authors. The complete work was supervised by Dr. Edsger Smits and Prof. Dr. 
Peter Strohriegl. 
 Overview of the Thesis 
 
 
46  
Chapter 8: 
“N-Type self-assembled monolayer field-effect transistors for Flexible Organic 
Electronics” 
Intended for submission to Organic Electronics 
by Andreas Ringk, Christian W. S. Roelofs, Edsger C. P. Smits, Cees van der Marel, Ingo 
Salzmann, Alfred Neuhold, Gerwin H. Gelinck, Roland Resel, Dago M. de Leeuw, Peter 
Strohriegl 
I designed, synthesized, and characterized the organic material for this publication. 
Transistor devices were fabricated, optimized, and characterized during my stay at the 
Holst Centre in the Netherlands in Eindhoven together with Christian W. S. Roelofs. 
Alfred Neuhold and Ingo Salzmann performed XRR and GIXD measurements under the 
supervision of Prof. Dr. Roland Resel. Cees Van der Marel did XPS investigations. Dr. 
Gerwin Gelinck and Prof. Dago de Leeuw gave fruitful input during several discussions. I 
wrote the publication and jointly finalized with the help of all co-authors. The complete 
work was supervised by Dr. Edsger Smits and Prof. Dr. Peter Strohriegl. 
 
Appendix: 
“N-type self-assembled monolayer field-effect transistors” 
Published in: Proceedings of SPIE, 8478, 847813, 2012; DOI: 10.1117/12.929535  
by Andreas Ringk, Xiaoran Li, Fatemeh Gholamrezaie, Edsger C. P. Smits, Alfred 
Neuhold, Armin Moser, Gerwin H. Gelinck, Roland Resel, Dago M. de Leeuw, Peter 
Strohriegl 
I designed, synthesized, and characterized the organic material for this publication. 
Transistor devices were fabricated and characterized during my stay at the Holst Centre in 
the Netherlands in Eindhoven together with Xiaoran Li. Fatemeh Gholamrezaie provided 
the p-type SAMFET for the COMS-circuit which was measured by Edsger Smits. Alfred 
Neuhold and Armin Moser performed XRR and GIXD measurements under the 
supervision of Prof. Dr. Roland Resel. Dr. Gerwin Gelinck and Prof. Dago de Leeuw 
gave fruitful input during several discussions. I wrote the publication which was corrected 
by Prof. Dr. Peter Strohriegl. The complete work was supervised by Dr. Edsger Smits and 
Prof. Dr. Peter Strohriegl. 
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1. Introduction 
Recent development in zinc oxide (ZnO) semiconductor research has led to simple, 
low cost, low temperature processes capable of building thin functional ZnO films on 
silicon, glass, and flexible polymer substrates. These thin films have been used as 
electrodes in photovoltaics,
[1,2,3]
 electroluminescent devices,
[4,5,6]
 and as the active channel 
material in thin film transistors (TFT).
[7,8,9]
 In such devices, the density of thermal charge 
carriers, and hence the work function of ZnO, is difficult to control and has proven to be 
sensitive to ambient conditions.
[7,10,11]
 Even the bulk or crystal morphology of ZnO has 
been shown to be affected by the surrounding media.
[12,13]
 Therefore, it has turned out to 
be essential to manage the sensitive electrical properties of ZnO in a reproducible manner. 
In surface governed systems, including exceedingly thin or porous films of any ZnO 
morphology or nanostructure, the key to the electrical properties is the ZnO surface. 
Using organic adsorbates at the ZnO surface has been demonstrated to improve the 
atmospheric durability of ZnO TFTs
[10,11,14,15,16]
 and the adhesion of additional functional 
organics in ZnO/organic ambipolar devices.
[17]
 Organic adsorbates have even been used 
to tune the ZnO work function,
[11,18,19]
 e.g. in dye sensitized solar cells to establish a good 
energetic alignment
[3]
 or to improve the exciton dissociation.
[20]
 In general, it can be 
stated that the study of ZnO and its heterostructures and interfaces with organic semi- 
conductors is enjoying the increasing popularity, bearing a growing number in 
publications, e.g. ZnO/pentacene ambipolar devices.
[21,22,23,24]
 Looking at the use of 
dispersions in classic print products, the pigments or nanoparticles are usually synthesized 
first rather than transformed to the desired pigment after printing. Semiconducting 
nanoparticle dispersions seem to be the con- sequent further development in terms of 
printing because the semiconductor synthesis can likewise be separated from low 
temperature thin film deposition and patterning, which is not the case for printing 
precursor solutions. However, only a couple of publications deal with dispersion 
processed nanopar- ticulate thin films due to two major drawbacks: On the one hand, if 
organic adsorbates are used in order to passivate perturbing surface effects or to stabilize 
the ZnO nanoparticles in the dispersion, the presence of organics disrupts the inter 
particle charge transfer
[25,26,27]
 or their removal requires high temperatures which are 
incompatible with flexible polymer substrates.
[28]
 On the other hand, very small ZnO 
nanoparticles (np-ZnO) around 5 nm
[29]
 have been used to avoid the need for organic 
stabilizing agents in the dispersion and in order to establish thin films with smoother 
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interfaces to the gate dielectric. However, np-ZnO of such size will not form long term 
stable dispersions due to nanoparticle degradation as was shown by Ali and Winterer.
[12]
 
In this work we show a way to surmount the drawbacks of nanoparticulate thin films, by 
using sufficiently large ZnO nano- particles to prevent ZnO degradation, qualified surface 
adsorbates to passivate the ZnO surface, and an n-type conducting organic to bridge the 
insulating voids between the nanoparticles. In our approach we build a ZnO organic 
composite using an electron conducting perylene diimide (PDI) with pyrrolidone moieties 
as the linker to the ZnO surface. Judging from TFTs with np-ZnO polyvinylpyrrolidone 
(PVP) composites
[11,30]
 we deploy the pyrrolidone group because it was suspected to 
adsorb to the ZnO nanoparticles during ultrasonic treatment in 2-methoxyethanol and 
should serve as a np-ZnO surface passivating agent. We countercheck our findings with 
ZnO PDI composites without the linker group. 
2. Experimental 
As the organic base molecule we used the well known airstable n-type conducting 
perylene diimide (PDI)
[31]
 derivatives with two different moieties. The functionalized PDI 
molecule (PDI-Pyr) displayed in Fig. 1, exhibits two N-propyl-pyrrolidone side groups 
which are to act as a linker to the np-ZnO surface. The first molecule in Fig. 1 (PDI-F) 
was used as a reference additive without a linker to ZnO. It possesses perfluorinated alkyl 
moieties, which are known to enhance the atmospheric stability by exhibiting a higher 
work function (lower lowest unoccupied molecular orbital) compared to PDI with alkyl 
substituents.
[31,32,33]
 The PDI derivatives were synthesized according to a slightly 
modified literature procedure.
[34]
 The detailed process description, nuclear magnetic 
resonance (NMR) spectra, and transistor characteristics of the organic compounds can be 
found in the supplementary material. 
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Figure 1: Molecular structure of the perylenediimide with heptafluorobutyl or N-propyl 
pyrrolidone moieties. 
For the nanoparticulate ZnO dispersion, a suspension of 10 wt% of ZnO nanoparticles 
(Evonik Industries, AdNano VP20, ca. 25 nm, log normal 15–50 nm[26]) and 1 ml of a 1:1 
mixture of 2-methoxyethanol (2-MeEtOH) (anhydrous 99.8%, Sigma-Aldrich) and 
chloroform (anhydrous 99%, Sigma-Aldrich) was dispersed using an air cooled ultrasonic 
bar sonotrode (Hielscher Ultraschall, VialTweeter) at 200W for 10 min. Nanoparticulate 
thin films were made by spin-coating the dispersion at 3000 rpm followed by an 
annealing step at 125°C for 30 min in ambient atmosphere.  
In order to build thin film transistors, n-doped silicon substrates (Si:P 3x10
17
 cm
-3
) with 
200 nm of thermally grown silicondioxide (SiO2) as gate dielectric were used (Fraunhofer 
IPMS Dresden). Source and drain aluminum top electrodes were processed using a 
shadow mask in a physical vapor deposition system. The electrodes geometry was 
0.74 cm and 100 mm for channel width and length, respectively. Electrical transistor 
characterization was carried out in a nitrogen filled glove box under exclusion of ambient 
light and using a parameter analyzer (Keithley 4200 SCS) in combination with a probe 
station. All TFT output- and transfer characteristics were measured in forward and 
backward sweeps with an incremental bias delay of 100 ms/V. The scanning electron 
microscope (SEM) analysis was done using a Jeol JSM 7500F. 
3. Results and discussion 
As seen in Fig. 1 PDI-F does not possess a linker group to attach to the ZnO surface. 
The application of PDI-F in a ZnO organics composite leads to organic precipitates in the 
thin film which can be identified as red spots in the microscope image in Fig. 2. The 
PDI-F 
 
 
 
 
PDI-Pyr 
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image shows the top view on the film and the transistor channel with the two aluminum 
electrodes as depicted in the transistor device sketch at the lower left hand side of Fig. 2. 
In all likelihood, the PDI-F precipitates reduce the number of conducting percolation 
pathways, as the organic displaces parts of the np-ZnO film and lowers the homogeneity 
of the thin film. Looking at Fig. 2, it can be seen that the conductivity of the composite 
films decreases with increasing PDI-F content. As the PDI-F ionization energy 
(6.4 eV)
[31]
 is deeper than the work function of the ZnO nanoparticles (ca. 4.6 eV),
[11]
 a 
charge transfer, if at all, will only occur from ZnO to PDI-F.
[35]
 Ergo, the precipitates 
could act as trapping centers which contribute to the decrease in conductivity. 
 
Figure 2: Conductivity of the ZnO PDI-F composite as a function of PDI-F fraction. Inset: 
(Bottom left)Sideview of the TFT device layout. (Topright) Topview microscope image of the 
np-ZnO thin film with 4wt% of PDI-F. The two vertical lines are the aluminum source and 
drain electrodes. (For interpretation of the references to color in this figure caption, the reader 
is referred to the web version of this article.) 
Additionally, due to the missing adequate linker group, the high density of donor states 
at the ZnO nanoparticle surface stays unaltered. The unperturbed high surface donor 
density gives rise to a metal like surface conduction as seen by Allen et al.
[36]
 Looking at 
the TFT transfer characteristics of the np-ZnO PDI-F composites in Fig. 3, no gate bias 
dependence of the drain current can be observed. The PDI-F containing thin films exhibit 
ohmic rather than semiconducting properties. 
In contrast to PDI-F without a linker group to ZnO, PDI-Pyr may attach to the np-ZnO 
surface. Looking at the transistor transfer characteristics of the PDI-Pyr functionalized 
np-ZnO transistors in Fig. 4, a distinct field effect can be seen for 4 wt% of PDI-Pyr. If 
only 2 wt% of the organic was added to the dispersion, the TFT shows depletion-type 
transistor behavior as known from thin films with thermally active charge carriers.
[37]
 If 
no organic was added, the thin film shows ohmic conduction and no filed effect 
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whatsoever, whereas if 8 wt% of the organic was added, the film renders insulating. 
Looking at the dark field microscope image in Fig. 4 at 8 wt%, this amount of PDI-Pyr 
decreases the film forming properties of the dispersion dramatically and uncovered areas 
show up in the transistor channel. 
Figure 5(a) and (b) shows the output and transfer characteristic of the 4 wt% TFT more 
in detail. The saturation mobility of this device reaches 7.5 x 10
-5
 cm
2
/Vs and the on/off 
ratio is slightly below10
3
. These poor device parameters originate from a simple fact: 
Adding an organic compound with more than one linker group to np-ZnO immediately 
cross-links the ZnO nanoparticles and transforms the dispersion into a suspension which 
exhibits very poor film forming properties as the 8 wt% layer demonstrates convincingly 
(cf. Fig. 4). 
 
Figure 3: Transfer characteristics of np-ZnO TFTs with 0–4 wt% of PDI-F. 
 
 
 
Figure 4: Transfer characteristics of np-ZnO TFTs with 0–8wt% of PDI-Pyr. Inset: Dark field 
microscope image of the transistor channel area for 4 and 8 wt%. The dark areas in the 8wt% 
picture originate from the substrate shining through. 
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Figure 5: (a) Output and (b) transfer characteristic of np-ZnO TFTs with 4wt% PDI- Pyr.      
(c) Scanning electron micrograph of the cross-section of the TFT. 
 
The resulting thin film morphology for the 4 wt% dispersion is shown by the cross 
section image of the thin film in Fig. 5(c). Usually, transistors with such porous 
semiconductors and rough gate dielectric interfaces will not perform much better than the 
presented device [25,30]. Due to the flocculation of the dispersion, there are organic 
molecules between the individual ZnO nanoparticles in the thin film and it can be 
assumed that charge is transported through the organic junctions between the particles. 
However, such transport would require an energetic match of the work function of ZnO 
and the ionization energy of the organic
[35]
 (<6.4 eV). Judging from the transition from 
depletion-type to enhancement-type TFT for 2 and 4 wt% in Fig. 4, the PDI-Pyr lowers 
the density of thermally active charge carriers. Consequently, the adsorbates increase the 
work function of the np-ZnO as likewise shown for polyvinylpyrrolidone adsorbates 
where the work function of np-ZnO was increased from 4.6 eV for unpassivated particles 
to 4.9 eV for PVP passivated np-ZnO.
[11]
 In addition, the ionization energy of PDI-Pyr is 
certainly smaller than that of PDI-F (ca. 6.4 eV), as the fluorination is known to increase 
the HOMO energy level.
[31]
 Both effects will improve the energetic alignment between 
the n-type organic and the ZnO surface but might not be enough to facilitate barrier free 
charge movement. Besides removing the perturbing surface conductivity of the ZnO 
nanoparticles, the PDI- Pyr acts as a shallow trap level causing trap and release behavior 
as can be seen in the hysteresis in Fig. 5(b). 
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4. Conclusion 
We built two different composite thin films from ZnO nano- particles and n-type 
organics by using a low temperature dispersion process. While one composite used a well 
known air stable perylene diimide the other contained a newly synthesized PDI with a 
pyrrolidone linker group. The compound without the pyrrolidone linker did not inhibit the 
high conductivity of the used ZnO nanoparticles, it rather formed precipitates in the thin 
film. Eventually that composite film turned out to be ohmic conducting with decreasing 
conductivity at increasing PDI-F fraction. In contrast to PDI-F, the pyrrolidone 
functionalized compound turned the np-ZnO films into a semiconductor which showed n-
type field effect behavior in TFT devices. However, due to the two linker groups per PDI-
Pyr molecule the colloids in the dispersion were cross-linking and flocculating. The 
herewith formed thin films were accordingly porous and of minor performance in 
transistor devices. In summary, our functionalized n-type organic succeeded in 
passivating the ZnO surface by removing the perturbing surface conduction and enabled 
inter particle charge transfer. Unfortunately, our new functionalization failed as a 
stabilizing agent in the dispersion and only very porous thin films were obtained. In order 
to print np-ZnO transistors using n-type organic additives in np-ZnO dispersions, the 
additives should act as a surfactant rather than as a flocculation agent. Such a surfactant 
should exhibit a linker group to np-ZnO, e.g. pyrrolidone or organic acids, and a 
solubility group according to the solvent most suitable for the printing process. 
Consequently, the experiments conducted here can be understood as preliminary work 
pointing out a practicable way and the main problems in order to develop an additive for 
printable np-ZnO dispersions, yielding air stable semiconducting thin films. In this regard 
it is particularly helpful to not only think about the most relevant parameters of a 
dispersion additive for the printing process itself, like rheology and stability, but also to 
think about how to improve the electrical properties by choosing the right surfactant. 
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 SYNTHESIS OF PDI-F AND PDI-Pyr 
 
 
Perylene-3,4,9,10-tetracarboxylic dianhydride 1 and Imidazole were purchased from 
Aldrich. 2,2,3,3,4,4,4-Heptafluorobuthylamine was purchased from Alfa Aesar and N-(3'-
Aminopropyl)-2-pyrrolidone from Across Organics. All chemicals were used as received. 
NMR spectra were recorded on a Bruker AC 250 spectrometer (250 MHz) in a 
CHCl3/trifluoroacetic acid (TFA) mixture as solvent. 
 
 General procedure:  
A mixture of 15 g imidazole, 1 g (2.5 mmol) Perylene-3,4,9,10-tetracarboxylic 
dianhydride 1 and 6.4 mmol of the corresponding amine 2 was stirred under argon at 
165°C. After 22 h the reaction mixture were cooled to rt, poured into 400 ml of EtOH/2N 
HCl 1:3 and stirred for 2 h. The dispersion was filtered, the residue washed with water 
and dried for 12 h at 60°C in vacuum. After soxhlet extraction with toluene and drying in 
vacuum a red solid is obtained. 
 
 N,N´-1H,1H-Perfluorobutyl Perylene Diimide (PDI-F)  
Perylene-3,4,9,10-tetracarboxylic dianhydride (1 g 2.6 mmol) and 2,2,3,3,4,4,4-
heptafluorobuthylamine (0.8 ml, 6 mmol) were reacted according to the general 
procedure. After soxhlet extraction 1.48 g (78%) of a red solid were obtained.  
1
H NMR (250 MHz, CDCl3/TFA, 298K): δ [ppm]= 5.08 (t, 4H), 8.83 (m, 8H). 
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N,N´-3 –Pyrrolidonepropyl Perylene Diimide (PDI-Pyr)  
Perylene-3,4,9,10-tetracarboxylic dianhydride (1 g 2.6 mmol) and N-(3'-
Aminopropyl)-2-pyrrolidone (0.9 ml, 6.4 mmol) were reacted according to the general 
procedure. After soxhlet extraction 1.54 g (2.5 mmol; 98 %) of a red solid were obtained.  
1
H NMR (250 MHz, CDCl3 + TFA, 298K): δ = 2.16 – 2.37 (m, 8 H), 2.91 (t, 4 H), 3.67 
(t, 4 H), 3.83 (t, 4 H), 4.34 (t, 4 H), 8.80 (m, 8 H). 
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THIN FILM CHARACTERIZATION  
The PDI-F film is semiconducting after evaporation. 
 
(a) Scanning electron micrograph of the evaporated PDI-F thin film. The vertical displacement 
indicates the end of the underlying gold source electrode. (b) TFT transfer characteristic of the 
thin film, measured in dual sweep mode at VSD = 60 V, μsat = 10-4 cm2/Vs. 
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Table of content: We report highly reproducible n-type self-assembled monolayer 
field-effect transistors (SAMFETs) based on a perylene derivative. Electron mobilities of 
1.5 x 10
-3
 cm
2
/Vs and on/off current ratios up to 10
5
 were obtained. By implementing 
n-type and p-type transistors in one device a complimentary inverter based solely on 
SAMFETs is demonstrated for the first time. 
 
Keywords: self-assembled monolayer, n-type field-effect transistor, perylene bisimide, 
organic circuits, complementary inverter 
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Abstract: We report n-type self-assembled monolayer field-effect transistors 
(SAMFETs) based on a perylene derivative which is covalently fixed to an aluminum 
oxide dielectric via a phosphonic acid linker. The n-type SAMFETs spontaneously 
formed by a single layer of active molecules were demonstrated for transistor channel 
length up to 100 m. Highly reproducible transistors with electron mobilities of 
1.5 x 10
-3
 cm
2
/Vs and on/off current ratios up to 10
5
 were obtained. By implementing 
n-type and p-type transistors in one device a complimentary inverter based solely on 
SAMFETs is demonstrated for the first time. 
 
1. Introduction 
Self-assembled monolayers (SAMs) are dense organic layers spontaneously formed on 
a surface.
[1]
 The autonomous and selective organization of molecules without human 
intervention is a promising technology for mass production of organic electronics. 
Self-assembled monolayer field-effect transistors (SAMFETs) where the organic 
semiconductor consists of only one monolayer covalently anchored onto the dielectric 
have been reported.
[2,3]
 The covalent fixation of the active material to the dielectric allows 
the fabrication of flexible and transparent devices
[4]
 with reduced delamination of the 
semiconductor during bending. The absence of bulk material eliminates bulk currents to 
give high on/off current ratios. Recent publications have shown that truly two 
dimensional semiconducting systems are exhibiting confinements effects with new charge 
transport
[5]
 and are well suitable for analysing charge transport without interferences from 
the bulk.
[6,7]
 A dense packing of the chromophores, full coverage, and strong - coupling 
over long distances are required for reliable devices
[8]
 and enable a two dimensional 
charge transport between the source and drain electrodes.  
So far the most promising SAMFETs have been demonstrated using a 
quinquethiophene derivative attached to silicon dioxide.
[9]
 Hole mobilities up to 
10
-2
 cm
2
/Vs were achieved and the first unipolar integrated circuits as for example a 
15-bit code generator based on SAMFETs, were made. State of the art integrated circuits 
however are mostly based on the well-established complementary metal oxide 
semiconductor (CMOS) technique, where pairs of p- and n-type transistors are combined 
in one device. This circuit design results in high noise immunity and low power 
consumption. To realize complementary organic circuits based on self-assembled 
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monolayers, suitable n-type materials for the preparation of SAMFETs are required. 
Compared to p-type materials it is difficult to find n-type transistor materials, because of 
their high reactivity towards oxygen and moisture.
[10,11]
 Only recently have stable n-type 
semiconducting materials been demonstrated with mobilities matching those of p-type 
semiconductors.
[12,13]
 
Progress on fabricating n-type SAMFETs has been reported.
[14]
 A semiconducting 
fullerene based monolayer (C60C18-PA) on aluminum oxide was shown to exhibit 
electron mobilities up to 10
-4
 cm
2
/Vs. A major issue in this work is that the C60C18-PA 
monolayers tend to form disordered layers with poor electrical properties as a result. A 
possible suggested solution is to use mixed monolayers. By the combination of 
C60C18-PA together with a C12 fluorinated phosphonic acid the out of plane order in the 
SAMs could be improved. The result – a mixed monolayer of both species – will however 
always be a necessary trade-off between interfacial order and surface coverage.
[15]
 The 
lack of reliable n-type SAMFET materials hampers the realization of self-assembled 
CMOS circuits. High performance and reliable n-type SAMFETs will enable a huge step 
forward in a bottom-up approach towards robust self-assembled complementary organic 
circuits.  
Here we present reproducible n-type SAMFETs based on heterosubstituted perylene 
bisimides with mobilities up to 1.5 x 10
-3
 cm
2
/Vs. By implementing p- and n-type 
transistors, complementary inverters based solely on SAMFETs with large noise margin 
of 7 volts and a gain up to 15 are demonstrated. 
2. Results and Discussion 
2.1. SAMFET device preparation 
The perylene bisimide derivative N-(1-hexylheptyl)-N`-(undecyl-11-phosphonic acid) 
perylene-3,4,9,10-tetracarboxylic bisimide, (PBI-PA), was synthesized as the n-type 
active material in our SAMFETs. The molecule belongs to a class of semiconductors 
well-known for their high performance in n-type organic transistors.
[11]
 The chemical 
structure of PBI-PA is shown in Figure 1. The active molecule PBI-PA consists of a 
heterosubstituted perylene bisimide core bearing a branched alkyl tail to increase the 
solubility on one side, and a linear undecyl alkyl chain with a phosphonic acid anchor 
group on the other side. The phosphonic acid allows a covalent fixation of PBI-PA to 
aluminum oxide. Major benefits of phosphonic acid terminated molecules compared to 
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the chlorosilanes previously reported
[9] 
are easier handling, storage and device fabrication 
as they are environmentally stable.  
The substrates for the SAMFET preparation consist of a silicon monitor wafer with 
patterned gold gate electrodes on which a 100 nm thick aluminum oxide layer is 
deposited by atomic layer deposition (ALD). Gold source and drain electrodes and 
vertical interconnections are made by conventional photolithography.
[16]
  
 
Figure 1: a) Chemical structure of PBI-PA b) Illustration of the n-type SAMFET fabrication 
process. c) Scheme of SAMFET layout. 
To facilitate the anchoring of the phosphonic acid to the dielectric, the substrate was 
cleaned with acetone and isopropanol and activated by UV-ozone treatment.  
A high tendency to form aggregates in solution is well known for perylene bisimides. 
However, the formation of large aggregates is undesirable for depositing smooth and 
dense monolayers on surfaces. Spectroscopic investigations revealed that at low 
concentrations of about 10
-5
 mol l
-1
, aggregation of perylenes is suppressed.
[17]
 Therefore 
bottom-gate/bottom-contact PBI-PA SAMFETs were prepared by immersing the 
transistor substrate into a dilute solution of PBI-PA in tetrahydrofuran (1.5x10
-5 
mol/l). 
During the immersion the phosphonic acid reacts in a condensation reaction with the 
OH-groups on the oxide surface to form a covalent bond.
[18]
 In comparison to thiols, 
which form relatively weak bonds to gold, phosphonic acids bind more strongly to 
aluminium oxide.
[19]
 
After immersion for 24 hours under ambient atmosphere and room temperature, the 
devices were dipped into tetrahydrofuran and annealed at 120°C under N2 atmosphere for 
20 minutes. Subsequently the SAMFETs were analyzed and measured. 
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2.2. Monolayer analysis 
To characterize the SAMs, atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), X - ray reflectivity (XRR), and grazing incidence X-ray diffraction 
(GIXD) investigations were carried out. AFM measurements revealed a smooth and 
uniform surface, typical for a monolayer (Figure 2). The apparent lack of structures 
confirms the presence of a smooth conformal monolayer similar to other semiconducting 
monolayers on SiO2.
[9]
 Only a few particles of 100 nm in diameter are present. 
Presumably they are aggregates of PBI-PA molecules. As they are so sparsely distributed 
electrical conduction through the aggregates can be ruled out.  
 
Figure 2: 5 by 5 m AFM images of a transistor substrate with a PBI-PA monolayer. 
a) Height image of a transistor channel with a PBI-PA monolayer. b) Phase amplitude image 
of the transistor channel. c) 3-dimensional illustration of panel a. d) Cross section through the 
transistor channel. 
The chemical composition of the same layer was investigated by angle dependent XPS 
measurements. The results revealed a thin organic layer on the Al2O3  surface with an 
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estimated thickness of 3.1 nm ± 0.2 which is in line with the calculated molecular length 
of 2.9 nm. This confirms the proper formation of the monolayer on the surface. To 
determine the extent of surface coverage by XPS analysis, phosphorus was chosen as a 
marker because each molecule has only one phosphorus atom and no other source of 
phosphorus is present in the system. A number of 1.8 × 10
14
 ± 0.2 x 10
14
  phosphorus 
atoms per cm
2
 was measured which corresponds to a complete coverage, estimated by the 
unit cell dimensions of a known perylene bisimide derivative with branched alkyl tails.
[20]
 
 
The out of plane order of the pristine PBI-PA SAMs prepared on Al2O3 substrates was 
analyzed by X – ray reflectivity measurements. The experimental data were simulated 
with a model containing the Al2O3 substrate and the monolayer separated into three layers 
with different thicknesses, r.m.s roughness and densities (Table 1). The bottom layer of 
the SAM is formed by the spacer and anchor groups of the molecule, the middle layer 
consists of the aromatic cores and the top layer is assembled by the terminal alkyl group 
of the molecule. Alternatively, a two layer fitting model and a fitting model comprising 
the SAM as a single layer with constant density were performed (not shown). However, 
the three layer model presented here gives the physically most realistic description of the 
measured XRR data. Figure 3 illustrates the different separated parts of the SAM used in 
the fitting model and the experimental XRR data (black line) with the associated fit (red 
line). The thicknesses of the end group layer, the aromatic core layer and the spacer with 
anchor group layer are found to be 0.71 nm, 0.98 nm and 1.32 nm, respectively. The 
numbers are in good agreement with the estimated lengths of the individual molecular 
units which were found to be 0.63 nm, 1.13 nm and 1.17 nm by molecular modeling. The 
numerical fit reveals that the density of the middle layer is considerably enhanced in 
comparison with the other two layers, which supports the presence of aromatic carbon, 
nitrogen and oxygen. In the XRR simulation the anchor group was coupled with the 
spacer group and due to the presence of phosphor and oxygen the density is increased, 
compared to the density of the top alkyl group. Next to the molecular parameters, the 
XRR graph additionally comprises the substrate information. The rapid oscillations in the 
graph originate from the 165 nm thick Al2O3 layer (Table 1), of the plain Al2O3 
substrates, which is emphasized in the insert of Figure 3. 
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Figure 3: X-ray reflectivity (XRR) investigation of PBI-PA monolayers. a) The sketch shows 
the three separated molecule parts, which were used for the XRR simulation. b) The graph 
illustrates the XRR of the PBI-PA monolayer on aluminum oxide. The red solid line gives the 
simulation to the experimental data (black line). The insert of the graph illustrates the 
thickness oscillations of the Al2O3 substrate around the first minimum. 
 
Table 1: Layer thickness d, r.m.s. roughness σ, mass density ρm and electron density ρ el of the 
individual parts of the investigated PBI-PA SAM on the Al2O3 substrate extracted from the 
XRR data shown in Figure 3. 
layer d [nm] σ [nm] ρm [g/cm³] ρel [nm
-
³] 
alkyl groups 0.71±0.05 0.28±0.05 0.48±0.07 157±5 
aromatic core 0.98±0.06 0.45±0.05 1.23±0.02 391±6 
spacer with anchor group 1.32±0.10 0.12±0.03 0.81±0.03 259±4 
Al2O3 substrate 165.23±4.31 0.85±0.08 2.89±0.10 862±6 
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Figure 4: Grazing incidence X-ray diffraction (GIXD) of a PBI-PA monolayer together with 
the scattering signal of the bare aluminum oxide substrate. The intensity was measured with a 
one-dimensional detector and integrated in the qz range between 0  nm
-1
 and 3 nm
-1
. A 
Gaussian fitting curve to the peak at 17.5 nm
-1
 is plotted in red color. 
 
The XPS, AFM and XRR measurements show that PBI-PA forms a densely packed 
monolayer. To investigate the in-plane order we performed grazing incidence X-ray 
diffraction measurements. Due to the absence of periodicity perpendicular to the SAM 
layer, any long-range in-plane order is manifested as Bragg rods. A typical example is 
chloro[11-(5''''-ethyl-2,2':5',2'':5'',2''':5''',2''''-quinquethien-5-yl)undecyl]dimethylsilane 
self-assembled on SiO2.
[9]
 The diffracted intensity as a function of in-plane scattering 
vector, qxy, is presented in Figure 4. Bragg rods are not found. Only a broad diffraction 
peak (qxy) at 17.5 nm
-1
 corresponding to an intermolecular distance of 0.36 nm is 
observed. From the width of the diffraction peak (qxy) of 2 nm
-1
, the correlation length, 
or crystal size, was estimated to be 3.1 nm. The extracted length corresponds to only 9 
repeated conjugated units. The PBI-PA SAM forms a nano-crystalline layer. We note that 
the weak crystallinity can be inferred from X-ray diffraction studies on bulk branched 
perylene derivatives.
[20-22]
 The packing of alkyl terminated PBI-PA based molecules is 
dominated by the interaction between the conjugated PBI-PA cores. The - stacking of 
the aromatic cores leads to parallel stacks with a typical distance of 0.36 nm.
[23-25]
, where 
the aromatic chains are arranged perpendicular to the substrate surface. However, the 
stacks arrange themselves in twisted columns without long range order. The 
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nano-crystallinity along the columns is confirmed by XRD measurement on bulk PBI-PA 
material, which also shows a very broad diffraction peak at the same distance (Supporting 
Figure S2). The interplay between steric repulsion of branched alkyl tails, π-π packing 
effects, and self-assembly of the phosphonic acid groups ultimately results in 
nano-crystalline self-assembled monolayers of PBI-PA.
[24]
 
2.3 Electrical characterization 
The output and transfer characteristics of an n-type PBI-PA SAMFET with a channel 
length of 40 µm and a channel width of 1000 µm are shown in Figure 5a and 5b. 
 
Figure 5. Transistor measurements of PBI-PA SAMFETs. a) Output characteristics of a 
SAMFET having a channel length of 40 µm and a channel width of 1000 µm. The drain 
voltage is swept from 0 V to 20 V, the gate voltage is varied starting from 0 V to 25 V in 5 V 
per step. b) Transfer characteristics of the same device in the saturation regime with a drain 
voltage of 20 V.  
 
The saturation mobility of the transistor is 1.5×10
-3
 cm
2
 V
-1
s
-1
, with an on/off-current 
ratio on the order of 10
4
 and a threshold voltage close to zero. We note that properly 
functioning device characteristics were obtained for short as well as long channel length 
devices up to 100 µm, for the first time.
[14,15]
 Field-effect behaviour was obtained for all 
measured transistors, i.e. device yield of 100%, which is indicative of a high 
reproducibility over large areas. The transistors were contact limited as confirmed by the 
nonlinear “s” shaped behaviour at the low drain bias in the output characteristics (Figure 
5a). We have used Au source and drain electrodes with a work function of ~ 5eV. The 
LUMO of the PBI-PA is estimated at around 3.8 eV.
[26]
 Despite the injection barrier of 
more than 1 eV, electrons can still be injected. Comparable contact limited injection has 
been reported for thin-film transistors of semiconducting PBI derivatives.
[27]
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Figure 6. Scaling of mobility. The saturation mobility of PBI-PA SAMFETs as a function of 
channel length (ranging from 2 to 100 m). For channel lengths smaller than 40 m the 
mobility is dominated by the contact resistance. For larger channels the mobility becomes 
independent of the channel length. The red line is a guide for the eye.  
The saturation mobility as a function of channel length is presented in Figure 6. In 
short channel transistors the transport is limited by the contact resistance which lowers 
the mobility.
[28]
 For long channels the mobility is constant up to a channel length of 
100 m. The constant mobility is remarkable. Traditionally, as reported previously for 
p-type SAMFETs,
[8]
 the mobility of self-assembled monolayer field-effect transistors 
decreases dramatically with increasing channel length. This dependence is a direct 
consequence of incomplete coverage. Here the mobility remains constant for channel 
lengths up to 100 m, which is a fingerprint of complete coverage with long-range 
connectivity within the SAM. The constant mobility for long channel length, as shown in 
Figure 6, reflects the homogeneous long-range charge transport through a densely packed 
monolayer without conduction barriers from e.g. grain boundaries or from incomplete 
coverage. The channel-length dependence of the carrier mobility, XPS investigations, 
XRR, and XRD data confirm that a fully covered and conductive self-assembled 
monolayer of PBI-PA was formed on the aluminum oxide surface. 
A crucial step towards realizing robust and low power circuits is the use of 
complementary logic. For SAMFET based complementary circuits reliable n-type as well 
as p-type SAMFETs are essential. For this purpose p-type and n-type SAMFETs were 
fabricated on two substrates and connected in a complementary inverter configuration. 
The p-type transistors were fabricated as described previously,
[9]
 and consist of a 
quinquethiophene derivative grafted to a silicon dioxide dielectric via a 
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dimethylchlorosilane anchor group. As the n-type material PBI-PA anchored to an 
aluminum oxide dielectric via a phosphonic acid group was taken. Due to the difference 
in mobility, the currents from both transistors were matched by adjusting the channel 
length. For the p-type SAMFET a channel length of 40 μm was chosen and a 2 μm 
channel length was taken for the n-type SAMFET. Both transistors had a channel width 
of 1000 μm. Prior electrical measurements confirmed that both SAMFETs showed a 
proper conductivity typical for dense organic monolayers on top of oxides. The resulting 
inverter characteristics are shown in Figure 7. When the supply voltage (Vdd) was set at 
30 V and the input voltage (Vin) was swept from 30 V to 0 V with a typical scan speed of 
1 V s
-1
 (red curve in Figure 7a), a high gain value of ~ 15 with the “trip-point” at around 
23 V of Vin was obtained. Here, gain is defined as dVout/dVin. The so-called ‘maximal 
equal criterion’ noise margin[29] of 7 volts (for Vdd = 30 V) was substantially larger than 
values reported for PMOS inverters used in complex circuitry,
[29,30]
 also higher than the 
previous unipolar p-type SAMFET inverters (Supporting Figure S10a), and on par with 
conventional organic CMOS.
[29]
 
 
Figure 7. SAMFET based complementary inverter. a) Device characteristics: The supply 
voltage (Vdd) was varied starting from 10 V to 30 V in 5 V per step. The dashed lines present 
the gains. b) Diagram of the SAMFET CMOS inverter.  
3. Conclusion 
In summary, we present n-type SAMFETs based on a perylene derivative with a 
phosphonic acid anchor group which enables an efficient fixation to aluminum oxide. 
Simple device fabrication under ambient conditions leads to a complete surface coverage 
of the monolayer and to transistors with electron mobilities up to 10
-3
 cm
2
 V
-1
s
-1
 for 
channel length as long as 100 µm. By implementing p- and n-type SAMFETs in one 
circuit, a complementary inverter based solely on SAMFETs with a large noise margin 
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and a high gain is demonstrated for the first time, paving the way to robust and low power 
self-assembled monolayer based complementary circuits. 
 
4. Experimental Section 
Further informations on molecular modeling, atomic force microscopy (AFM), X-ray 
diffraction studies, transistor substrate manufacture, and electrical characterization are 
given in the supporting informations available from the Wiley Online Library or from the 
authors.    
 
Synthesis of PBI-PA 6 N-(1-hexylheptyl)-N`-(undecyl-11-phosphonic acid) perylene-
3,4,9,10-tetracarboxylic bisimide. 
 
Materials and methods: The starting materials perylene-3,4,9,10-tetracarboxylic-
3,4,9,10-dianhydrid, potassium hydroxide, ammonia, 1,11-dibromoundecane, sodium 
hydride, triethyl phosphite, bromotrimethylsilane, and solvents were purchased from 
Aldrich, Acros Organics and VWR. Solvents used for precipitation and column 
chromatography were distilled once before use. 
1
H- and 
13
C-NMR spectra were recorded 
on a Bruker AC 250 spectrometer (250 MHz). Chemical shifts are reported in ppm at 
room temperature using CDCl3 as solvent and internal standard. Mass spectroscopic data 
were obtained from a FINNIGAN MAT 8500 instrument. 
 
Figure 8. Overview of the synthetic strategy towards the target molecule PBI-PA. Compounds 
1-3 were synthesized according to literature procedure.
[31]
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Synthesis of N-(1-hexylheptyl)-N`-(undecylbromide) perylene-3,4,9,10-
tetracarboxylic bisimide 4. 
Perylenebisimide 3 (530 mg, 0.93 mmol) and sodium hydride (46 mg, 65% dispersed in 
mineral oil, 1.24 mmol) were dissolved in 45 ml dry DMF and stirred at room 
temperature. After 24 h the solution was heated to 90°C and 1,11-dibromoundecane (5 g, 
15.9 mmol) were added. After 60 h the reaction mixture was poured into water and 
extracted with CHCl3. The solvent was evaporated, the crude product redissolved in 
CHCl3 and poured into hexane. The precipitate was filtered off and purified by flash 
chromatography (solvent gradient hexaneCHCl3). The resulting red solid was freeze 
dried with dioxane to yield 365 mg (0.453 mmol, 49%) of bromide 4. 
TLC (CHCl3): Rf = 0.65 
EIMS(m/z): [M]
+
 calculated for C48H57BrN2O4, 805.90; found, 806 
1
H-NMR (300 MHz, CDCl3, δ): 0.82 (t, J = 6.9 Hz, 6H; CH3), 1.20 – 1.45 (m, 30H; CH2), 
1.70 – 1.80 (m, 2H; CH2), 1.80 – 1.93 (m, 4H; CH2), 2.18 – 2.32 (m, 2H; CH2), 3.36 – 
3.44 (t, J = 3.7 Hz, 2H; CH2), 4.18 (t, J = 7.6 Hz, 2H; CH2), 5.13 – 5.24 (m, 1H; CH), 
8.58 – 8.78 (m, 8H; Ar-H). 
13
C-NMR (75 MHz, CDCl3, δ): 14.38, 22.93, 27.31, 27.48, 28.54, 29.10, 29.58, 29.67, 
29.74, 29.80, 29.81, 30.05, 32.12, 32.76 (alkyl C), 33.22 (C-Br), 34.33 (alkyl C), 41.03, 
55.18 (N-C), 123.29, 123.39, 123.60, 126.69, 126.80, 129.70, 129.89, 131.68, 134.97, 
163.67 (aromatic C). 
Synthesis of N-(1-hexylheptyl)-N`-(undecylphosphonic acid diethylester) 
perylene-3,4,9,10-tetracarboxylic bisimide 5. 
Perylenebisimide 4 (759 mg, 0.942 mmol) was dissolved in 200 ml triethyl phosphite and 
heated to 150°C for 24 h. The excess of triethyl phosphite was removed by vacuum 
distillation and the remaining solid purified by flash chromatography (THF/Hexane 1:1) 
to yield 800 mg (0.927 mmol, 98%) of 5 as red solid. 
TLC (THF : Hexane / 1:1): Rf = 0.5 
EIMS(m/z): [M]
+
 calculated for C52H67N2O7P, 863.10; found, 863 
1
H-NMR (300 MHz, CDCl3, δ): 0.83 (t, J = 6.7 Hz, 6H; CH3), 1.20 – 1.40 (m, 38H; CH2), 
1.51 – 1.60 (m, 2H; CH2), 1.73 – 1.78 (m, 2H; CH2), 1.80 – 1.94 (m, 2H; CH2), 2.18 – 
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2.33 (m, 2H; CH2), 4.03 – 4.12 (m, 4H; CH2), 4.14 – 4.21 (m, 2H), 5.12 – 5.24 (m, 1H; 
CH), 8.43 – 8.73 (m, 8H; Ar-H). 
13
C-NMR (75 MHz, CDCl3, δ): 14.20, 22.51, 22.51, 22.58, 22.73, 24.88, 26.74. 27.08, 
27.28, 28.24, 29.22, 29.37, 29.50, 29.66, 30.66, 30.89, 31.90, 32.50 (alkyl C), 54.94 (C-
N), 61.54 (C-P), 123.08, 123.17, 123.29, 126.39, 126.49, 129.41, 129.63, 131.44, 134.69, 
163.44 (aromatic C). 
31
P-NMR (120 MHz, CDCl3, δ): 32.60. 
Synthesis of N-(1-hexylheptyl)-N`-(undecylphosphonic acid) perylene-3,4,9,10-
tetracarboxylic bisimide 6 (PBI-PA). 
Perylenebisimide 5 (400 mg, 0.46 mmol) was dissolved under argon in 40 ml dry CH2Cl2, 
cooled to 0°C and bromotrimethylsilane (1 ml, 7.58 mmol) was added dropwise through a 
syringe. After addition of the silane, the reaction mixture was allowed to warm up to 
room temperature. After 48 h stirring, 5 ml water was added. After additional 2 h, the 
mixture was poured into 50 ml of a mixture of methanol and water (1:1). The resulting 
precipitate was collected by filtration and freeze dried from dioxane to obtain 352 mg 
(0.44 mmol, 95%) of the phosphonic acid 6 which was used without further purification. 
1
H-NMR (300 MHz, CDCl3, δ): 0.79 – 0.87 (t, J = 6.6 Hz, 6H; CH3), 1.19 – 1.49 (m, 
34H; CH2), 1.57 – 1.65 (2H, m; CH2), 1.70 -1.75 (m, 2H; CH2), 1.87 – 1.93 (m, 2H; 
CH2), 4.08 – 4.16 (t, J = 6.4 Hz, 2H; CH2), 5.09 – 5.20 (m, 1H; CH1), 8.24 – 8.53 (m, 8H; 
Ar-H). 
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MOLECULAR MODELLING 
The length of the PBI-PA molecule was calculated using Avogadro 1.0.3 software 
with the united force-field (UFF). The molecule can be classified into three different 
segments: the end capping alkyl tail (0.63 nm), the aromatic core (1.13 nm) and an 
aliphatic spacer (1.17 nm) (Figure S1). All three layers and the calculated molecular 
length of 2.93 nm matches well with the lengths obtained from the XPS and X-ray 
reflectivity measurements. 
 
Figure S1. Illustration of the calculated intramolecular distances of PBI-PA. 
 
XPS MEASUREMENTS 
Experimental details 
The measurements have been carried out in a Quantera SXM
tm
 from Ulvac-PHI. The 
measurements have been performed using monochromatic AlK-radiation and a 
rectangular measurement spot of approximately 500 x 250 µm. By means of wide-scan 
measurements the elements present at the surface have been identified. The chemical state 
and the apparent atomic concentrations of the detected elements are determined from 
accurate narrow-scan measurements. Standard PHI sensitivity factors
[1,2]
 were used to 
convert peak areas to apparent concentrations.  As a result of this, it is possible that the 
N OO
N OO
P
HO
OHO
endcapper
calculated length: 0.63 nm
aromatic core
calculated length: 1.13
aliphatic spacer
calculated length: 1.17 nm
sum
calculated length: 2.93 nmfront view chemical structure
of PBI-PA
side view
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concentrations deviate from reality in the absolute sense (generally not more than 20% 
relative).  
Results and discussion 
XPS measurements were performed on the PBI-PA SAMFETs to verify the presence of 
a monolayer reasonable for the electrical characteristics. First, measurements were done at 
two positions using a take-off angle Θ of 45°; at this measurement angle the information 
depth is approximately 7 nm. The elements that are present at the surface according to 
survey scans and the apparent concentrations obtained from narrow-scan measurements are 
summarised in Table S1. In this table is also shown which XPS line was measured, the peak 
position and the most likely chemical assignment. 
Table S1. Apparent atomic concentrations (at%) measured at the surface (Θ  = 45 °). Peak 
positions in eV are given in the second row. The most likely chemical assignment is given in 
the third row. 
Position Al 2p C1s F 1s N 1s O 
1s 
P 2s Si 2p 
 74.7 284.
8 
286.
5 
288.
0 
289.0 685.
8 
400.1  191.
4 
102.
6 
 Al2O
3 
C-H -C-O -
C=O 
O-
C=O 
F
- 
N-
C=O 
 -PO3 org.? 
position 
1 
15 44 2.4 2.9 0.8 1.7 2.1 29 0.9 1.1 
position 
2 
15 44 2.4 3.1 0.8 1.7 2.1 29 0.9 1.1 
 
Table S2. Apparent concentrations (at%) measured at position 2 for two values of the take-off 
angle Θ. In the lower row, the concentration ratios cΘ = 80° / cΘ = 20° are given. A large value of 
this ratio corresponds to a relatively large distance of the component from the outer surface.  
Position Θ Al 2p C1s F 
1s 
N 1s O 
1s 
P 2s Si 
2p 
 (°) Al2O3 C-
H 
-C-
O 
-
C=O 
O-
C=O 
F
- N-
C=O 
 -
PO3 
org.
? 
pos 2 80 19 33 2.2 2.0 1.0 2.1 1.5 37 0.8 0.8 
pos 2 20 8 59 4.4 3.4 1.6 1.0 2.7 17 1.4 0.9 
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pos 2 80 20 32 2.6 1.9 0.9 2.1 1.6 38 0.8 0.9 
ratio 80 / 
20 
 2.3 0.5 0.5 0.6 0.6 2.1 0.6 2.2 0.6 1.0 
 
To determine the position of the detected elements relative to the outer surface (the “layer 
structure” of the sample), additional measurements were done at one position for Θ = 80°, 
Θ = 20° and again for Θ = 80°. The results of these measurements are given in Table S2. 
The first and the second measurement for Θ = 80° are in good agreement with each other; 
hence we conclude that the SAMs are not sensitive for irradiation with X-rays.  
Based on the concentration ratios we conclude that the “layer structure” of the sample is 
as follows: 
Al2O3 and F
-
 / Si (org?) / organic layer containing C, O, N and P 
We notice that a contamination with Si is present at the interface Al / organic layer 
(possibly as silicones) as well as a contamination of Fluor, chemically bound as aluminium 
oxifluoride. According to the analysis the element P is not only positioned at the interface 
Al2O3 / organic layer but can also be found within the organic layer. This suggests that 
possibly not all molecules are anchored to the substrate. Similar results were observed for 
quinquethiophene SAMs on SiO2 and organic dielectrics where - stacking plays an 
important role in the monolayer formation.
[3,4]
 To obtain insight into the thickness and the 
real concentrations of the organic layer, model calculations have been performed.
[5,6]
 
Important for these calculations is the assumption that the sample consists of a homogeneous 
substrate on which a homogeneous thin film is present (thickness Dorg). In [5] relations are 
derived between the real concentrations in the substrate and the thin film on the one hand 
and the apparent concentrations on the other hand, with the layer thickness Dorg as a 
parameter. During the model calculations the value of Dorg is adjusted in such a way that the 
sum of the real concentrations in the thin film is 100 at%; mathematically can be shown [30] 
that at this condition also the sum of the real concentrations in the substrate is 100 at%. 
Calculations have been performed using the data in table 1 (measured for Θ = 45°) and 
the data obtained for Θ = 20° in table S2. To estimate values for the apparent concentration 
of organic O, the components of the C1s-peak were calculated assuming: 
CO-org = 0.5 * CC in C-O + CC in C=O + 2 * CC in O-C=O 
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Values of the Inelastic Mean Free Path in the organic layer were taken from Cumpson; to 
take into account the lower atomic density of the present molecules relative to C-H polymers 
the IMFP-values of Cumpson were multiplied with a factor of 1.19.
[7]
  
The results of the model calculations are given in Table S3. The uncertainty in the 
obtained values of the thickness  Dorg is determined mainly by the uncertainties in the 
IMFP-values. The uncertainty is estimated at ± 5 % 
[7]
; by consequence the possible error in 
Dorg is estimated at ± 0.2 nm.  The uncertainty in the coverage Np is determined 
predominantly by the limited accuracy of the concentration of P and is estimated at 
± 0.2 x 10
14
 at/cm
2
. 
Table S3. Results of model calculations: values are given for the thickness of the organic 
layer, Dorg, the coverage with P, NP, and the real atomic concentrations in the organic layer. 
Remark: the value of the coverage NP was calculated starting from the apparent concentration 
of P, taking into account that P is present randomly within the entire organic layer.  
Position Dorg NP N 1s C1s O1s P 2s  F 1s O1s Al 2p 
 (nm) (at/cm
2
)   org    inorg  
position 1 (Θ = 45°) 3.1 1.8x1014 3.3 86 9.0 1.6  8 53 40 
position 2 (Θ = 45°) 3.1 1.8x1014 3.3 86 9.0 1.6  8 52 40 
position 2 (Θ = 20°) 3.1 1.8x1014 3.1 85 10.3 1.7  14 50 37 
 
In conclusion XPS-analyses confirm the presence of a PO3 alkyl-containing 
SAM-layer homogenously deposited on Al2O3. The concentration corresponds to a 
coverage NP of 1.8x10
14
 atoms P / cm
2
 and an effective layer thickness dorg of 3.08 nm. 
These results coincide well with a theoretical coverage calculated from the crystal 
structure
[8,18]
 (1.6x10
14
) and the layer thickness calculated by united force-field (UFF) of 
2.93 nm. 
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X-RAY DIFFRACTION STUDIES ON SELF-ASSEMBLED MONOLAYERS 
Specular x-ray reflectivity (XRR) measurements were performed on a Panalytical 
Empyrean Reflectometer set up with copper sealed tube, a 1/32° primary slit, a 10mm 
beam mask and a multilayer mirror (λ = 0.1542 nm) on the primary side. A small 
receiving slit of 0.1 mm and a 3D Panalytical Pixcel detector were used on the secondary 
side. The experimental data were fitted with Parrat formalism
[9]
 using X´Pert Reflectivity 
1.3 software (PANalytical). This software package uses a genetic fitting algorithm,
[10]
 
which finds the vicinity of the global optimum of the fit and uses the Marquardt-
Levenberg algorithm to finally optimize the parameters to the found local minimum. The 
error estimation of the fitting parameters is done as described in chapter 15.6 of the 
Numerical Recipes.
[11]
 The surface roughness and the interface roughness of the specimen 
were determined using the Nevot and Croce approach.
[12]
 
Grazing incidence x-ray diffraction (GIXD) measurements were performed at the 
beamline W1 at the synchrotron HASYLAB, Germany. A wavelength of 0.11801 nm was 
used. The incidence angle of the primary beam was chosen at the optimum value 
αi = 0.15° resulting in the best signal to noise ratio. The samples were investigated in an 
inert helium atmosphere provided by a stage with a domed x-ray window (DHS900, 
AntonPaar).
[13]
 The results of in-plane GIXD measurements are presented as line scans 
obtained by integrating intensities of reciprocal space maps
[14]
 measured by a one 
dimensional position sensitive detector (Mythen 1K, Dectris). The crystallite size was 
estimated by line broadening analysis using the Scherrer equation;
[15]
 the instrumental 
broadening in the used experimental range was about qxy = 0.2 nm
-1
.
[16]
 
X-ray diffraction studies on drop casted films 
Thick films are prepared by drop casting from tetrahydrofuran solutions on thermally 
oxidized silicon wafers. The films are investigated by specular X-ray diffraction (SXRD) 
and by grazing incidence X-ray diffraction (GIXD). The SXRD was performed by a 
SIEMENS D501 diffractometer using Bragg-Brentano geometry. Radiation from a sealed 
copper tube was used in combination with a graphite monochromator at the secondary 
side. Laboratory GIXD measurements were performed with a commercial four-circle 
Bruker D8 Discover diffractometer upgraded with the Bruker Ultra GID add-on using a 
sealed copper tube (λ = 0.1542 Å).[16] The incidence angle (αi = 0.17°) of the primary 
beam was optimized to maximize the scattering intensity from the parabolic graded 
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multilayer mirror,
[17]
 the beam size was defined by a 0.6 mm primary slit. Both the 
incidence X-ray path as well as the secondary path contains large Soller slits and the 
scattered beam was detected with a one-dimensional position sensitive detector 
(Vantec-1). The results of in-plane GIXD measurements are presented as line scans 
obtained by integrating intensities of reciprocal space maps.
[14]
 The crystallite size was 
estimated by line broadening analysis using the Scherrer equation;
[15]
 the instrumental 
broadening in the used experimental range was about qxy = 0.2 nm
-1
.
[16]
 
Figure S2 shows the SXRD pattern and the GIXD pattern of a drop casted film, 
plotted as a function of qz and qxy, respectively. In case of SXRD two dominating peaks 
are observed at qz = 2.2 nm
-1
 and 2.8 nm
-1
, a peak at 7.1 nm
-1
 and a broad feature at 
14 nm
-1
. GIXD reveals a strong peak at qxy = 2.9 nm
-1
 a peak at 18.0 nm
-1
 and broad 
feature at 14 nm
-1
. The diffraction pattern are in qualitative good agreement with X-ray 
diffraction studies on comparable molecules which are formed by a conjugated core of 
PBI and branched side chains.
[8,18]
 The peak at qxy = 18.0 nm
-1
 represents the stacking 
distance of the conjugated cores of 0.35 nm. The large peak width of qxy = 1.4 nm
-1
 can 
be referred to a rather small crystalline correlation length of 4.6 nm which corresponds to 
13 repeating units of stacked PBI cores. The peaks at qz = 2.2 nm
-1
 and 2.9 nm
-1
 are 
representative for the two-dimensional lateral packing of the columns formed by the 
stacked PBI units. The broad features at q = 14 nm
-1
 are typical for disordered alkyl 
chains.  
Within the drop casted film the crystals of PBI-PA show a strong preferred orientation. 
While both peaks of the column packing (qz = 2.2 nm
-1
 and 2.8 nm
-1
) are present in the 
SXRD pattern, only one peak of the column packing (qxy = 2.9 nm
-1
) is present together 
with the peak of the stacking of the conjugated PBI cores (qxy = 18 nm
-1
) at the GIXD 
pattern. This reveals that the columns of stacked PBI cores are aligned parallel to the 
substrate surface.          
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Figure S2. Specular x-ray diffraction (SXRD) and grazing incidence x-ray diffraction (GIXD) 
of a drop casted film prepared from a tetrahydrofuran solution. The intensity of the GIXD 
pattern was integrated in the qz range around the Yondea peak (0 …0.5 nm
-1
). 
 
TRANSISTOR SUBSTRATES 
Bottom-gate/bottom-contact transistor substrates with patterned gate and 
interconnections were fabricated on monitor silicon wafers with a native silicon dioxide 
layer. First the gate was created by sputtering a thin gold layer and structuring it via 
photolithographic processes. On top a 100 nm thick Al2O3 layer was grown by atomic 
layer deposition (ALD) at 120 °C using trimethylaluminum and H2O as precursors. Next 
vertical interconnections where created to enable contacting the gate. Finally the gold 
source and drain electrodes were deposited via sputtering and structured by conventional 
photolithography on top of the Al2O3. The whole process was developed to remain below 
150°C compatible with low temperature flexible electronic processes.
[19]
 An AFM image 
of a typical transistor substrate is shown in Figure S3. 
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Figure S3: AFM image of a bare Al2O3 substrate without SAM. The nanocrystalline layer 
exhibits a roughness of rq of 0.3nm. 
 
ELECTRICAL CHARATERIZATION OF PBI-PA SAMFETs 
Transistor device characteristics were measured at room temperature in inert 
atmosphere (N2 glove box) using an Agilent 4155C semiconductor parameter analyzer 
controlled by a PC. The field-effect mobilities of the SAMFETs in saturation (μsat) regime 
were calculated from the equation S1 as follows, at VDS  = 20 V: 
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    (S1) 
where Ci is the capacitance per unit area of the gate dielectric layer (70nF/cm
2
 for the 
Al2O3 used in this work), and L and W are channel length and width, respectively. The 
threshold voltage (Vth) of the devices is extracted by extrapolating the square root (SQRT) 
of |IDS,sat| vs. VG plot to Ids,sat = 0 (as depicted in the plots in Figure 5b). 
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Figure S4. Characteristics of a PBI-PA based SAMFET. (a) Output characteristics of a 
transistor with a channel length of 5 µm and a channel width of 1000 µm. The drain voltage is 
swept from 0 V to 20 V, the gate voltage is varied starting from 0 V to 25 V in 5 V per step. 
(b) Transfer characteristics of the device, in the saturation regime with a drain voltage of 20 V. 
Figure S4 shows the output and transfer characteristics of a transistor with a channel 
length of 5 µm and a width of 1000 µm. The mobility of this transistor is in the order of 
10
-4
 cm
2
/Vs, and showed an excellent on-off ratio of 10
5
. We note that the transistors are 
strongly contact limited as can be observed from the strong nonlinear “s” shaped 
behaviour at the low drain bias. The contact resistance is understandable considering the 
large mismatch between the gold work function (-4.8 eV) and the LUMO level (-3.8 eV) 
of the semiconductor.
[20]
 
Back and forth measurements 
To enable the fabrication of reliable devices the hysteresis was investigated for the 
SAMFETs. In general the transfer measurements exhibited strong hysteresis and gate bias 
instabilities. A method to suppress the hysteresis was drop casting of a thin layer of 
polystyrene on top of the SAMFETs. The results are demonstrated in  Figure S5. 
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Figure S5. PBI-PA SAMFET characteristics of a device with a thin polystyrene layer on top. 
a) Output characteristics of a SAMFET based on PBI-PA with a channel length of 5 µm and a 
channel width of 1000 µm. The drain voltage is swept from 0 V to 20 V, the gate voltage is 
varied starting from 0 V to 25 V in 5 V per step. b) Transfer characteristics of the device, in 
the saturation regime with a drain voltage of 2 V (black curve) and 20 V (red curve). 
 
Electrical characteristics of the bulk layers of PBI-PA 
In order to benchmark the electrical performance of the PBI-PA semiconductor, thin 
films were drop casted on conventional transistor substrates (Figure S6a). From the 
transfer characteristics, mobilities in the range of 1x10
-4
 cm
2
/Vs, an on/off ratio of 250 
and a threshold voltage Vt = 5V was observed. The device was also heavily contact 
limited. Compared to the SAMFETs the devices exhibited lower mobility and on/off 
ratios (Figure S6c).  
 
Figure S6. Investigation of a PBI-PA bulk transistor. a) Optical image of a drop casted 
PBI-PA transistor. b) Output characteristic and c) transfer characteristic of a drop casted 
PBI-PA transistor. 
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Results of PBI-PA on SiO2 
To verify chemical self-assembly as the driving force for the monolayer fabrication, 
transistor substrates with a SiO2 gate dielectric were incubated in a PBI-PA solution 
according to the method described above. Whereas Al2O3 substrates always exhibited 
functional transistor characteristics, the SiO2 based devices did not. None of all SiO2 
based devices measured showed any electrical conductivity (Figure S7). This result 
demonstrates the selectivity of the PBI-PA molecule to Al2O3. 
 
Figure S7. Current-voltage characteristics of transistors with SiO2 dielectrics. The devices 
were fabricated according to the same procedure described above. The insets reflect the width 
(W) and length (L) ratios. 
SAMFET COMPLEMENTARY INVERTERS 
CMOS inverters were fabricated by integrating p-type SAMFETs with n-type 
SAMFETs. The use of a complementary logic design allows the development of logic 
which is substantially more robust and power efficient. The improvement in noise 
imunity from using CMOS logic warrents the current focus on stable and high mobility 
n-type materials.
[21]
 As a p-type SAMFET, a quinquethiohpene deverative with a 
dimethylchlorosilane anchor tail was taken. The SAMFET was fabricated on an heavily 
doped n
++
 silicon wafer with a 200 nm thermally grown SiO2 gate dielectric and gold 
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electrodes according the procedure described in literature.
[3,4]
 Figure S8a shows the 
p-SAMFET transfer characteristics. It exhibits mobilities in the order 10
-2
 cm
2
/Vs and a 
threshold voltage of approximatly 10V. For the n-type SAMFET, PBI-PA was used as the 
semiconductor. The monolayers were fabricated according to procedures described 
above. The transfer characteristics of n-type SAMFET is given in Figure S8b. The device 
exhibits a mobility in the order of 5x10
-4 
cm/Vs, on/off ratio of 5 decades and a threshold 
voltage of around 7V. Due to the difference in mobility and other parameters, the currents 
of the p-type SAMFET were matched with that of the n-type SAMFET. This was done by 
adjusting the channel length only. In the case of the p-type SAMFET a 40 m channel 
length was chosen and for the n-type SAMFET a 2 m channel length was taken. The 
channel width equaled in both cases 1000 m. 
 
Figure S8. Transfer characteristics two SAMFETs which were implemented to the bias 
inverter. a) Transfer characteristic of the used p-type SAMFET. b) Transfer characteristic of 
the n-type SAMFET.  
The inverter was realized by connecting two substrates in a complementary layout. A 
schematic overview of the inverter is given in Figure S9. 
 
Figure S9. Schematic illustration of the measurement setup for the SAM-CMOS bias inverter. 
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PMOS logic was previously reported.
[3]
 Whereas the SAMFETs showed good 
electrical properties such as high on/off ratio’s and high mobility, the realized logic 
suffered from the limitations on unipolar logic. A p-type SAMFET based inverter is 
shown in Figure S10a. The SAMFET is based on a Vgs= 0 logic. The inverter exhibited a 
gain of 6 and a 2-3 V noise margin. In addition the inverters showed leakage of current 
even when the inverter was not switching. To resolve these issues, complementary logic 
is indicated. By combing using the CMOS design, noise margin were doubled, gain was 
somewhat increased and leakage currents in the switched states eliminated. 
 
Figure S10. SAMFET based inverter characteristics. The dashed lines reflect the gain. 
a) Characteristic of a unipolar PMOS logic. The inset shows a diagram of the inverter. 
b) Characteristic of a bipolar CMOS logic. 
Finally for low input and ouput voltages the inverters showed large hystersis, due to 
the current threshold voltage postions (Vt = 7V) and instabilites exhibited in the devices. 
In additions the contact resistance also play a dominant role. However at higher Vdd and 
input voltage reasonable hystersis can be obtained as demonstrated in Figure S11. 
 
Figure S11. Characteristics of a SAMFET based complementary inverter. The supply voltage 
was 30 Volts. The insets show a diagram of the inverter and a plot of the measured gain. 
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Abstract: Within this work we present n-type self-assembled monolayer field-effect 
transistors (SAMFETs) based on a novel perylene bisimide. The molecule spontaneously 
forms a covalently fixed monolayer on top of aluminum oxide dielectrics via a 
phosphonic acid anchor group. Precise studies revealed an amorphous, 2-dimensional 
semiconducting sheet on top the dielectric. Reliable transistors with electron mobilities on 
the order of 10
-3
 cm
2
/Vs with low hysteresis were achieved on rigid as well on flexible 
substrates. Furthermore, a flexible NMOS-bias inverter based on SAMFETs is 
demonstrated for the first time. 
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1. Introduction 
Self-assembled monolayers (SAMs) have attracted attention due to a manifold 
potential of applications. SAMs enable surface modification in order to change the 
wetting behaviour of various materials,
[1] 
match work functions of metals,
[2]
 or tune the 
orientation of organic molecules on surfaces
[3]
 in a simple way. Since the postulation that 
charge transport in organic field-effect transistors can be managed by a single, 
two-dimensional sheet of molecules,
[4]
 and its experimental approval
[5,6]
 SAMs have 
become also attractive as semiconductors in organic field-effect transistors. The 
realization of the first chemisorbed self-assembled monolayer field-effect transistors 
(SAMFETs)
[7]
 opened a new promising field for low-cost large area organic electronics. 
   
Figure 1. a) Chemical structure of PBIF-PA. b) Schematic illustration of a polymer based 
SAMFET. 
In SAMFETs molecules spontaneously form a uniform layer on the dielectric. Dense 
packing of semiconducting cores over large distances allows efficient charge transport 
between source and drain electrode.
[8]
 The molecule itself consists of a semiconducting 
core connected via a spacer to a reactive group which anchors covalently to the dielectric. 
Depending on the dielectric different anchor groups, e.g. carboxylic acids or phosphonic 
acids, are possible.
[9,10]
 In comparison to common organic thin-film transistors the 
on/off-ratio in SAMFETs is greatly enhanced because of the absence of any bulk current. 
Furthermore the simple SAMFET fabrication process, low material usage, surface 
selectivity, and possible high device yields are promising steps forward to the mass 
production of organic electronics. The best SAMFETs so far are based on a 
quinquethiophene derivative fixed to a silicon oxide dielectric via a chlorosilane group.
[11]
 
Hole mobilities of 10
-2
 cm
2
/Vs and on/off-ratios of 10
6
 were obtained. The 
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implementation into different integrated circuits
[11]
 and the use as sensors
[12]
 point out the 
versatility of SAMFETs. 
Most of the SAMFETs described in literature are based on hole conducting materials 
as for instance thiophene derivatives. However, the established integrated circuit design is 
based on the complementary metal oxide semiconductor (CMOS) technique. For 
CMOS-circuits p- and n-type transistors are combined in one device. High noise 
immunity and low power consumption are advantages compared to unipolar circuits. Due 
to their high sensitivity towards oxygen and water n-type transistors are difficult to 
realize.
[13]
 Up to now n-type publications reporting SAMFETs are lagging.
[14,15,16]
 The fist 
n-type SAMFET was presented by Novak et al. They used a fullerene based molecule as 
semiconductor and obtained electron mobilities up to 10
-4 
cm
2
/Vs.
[14]
 The performance of 
these SAMFETs could be further increased by using a mixed monolayer derivative.
[15]
 
Recently, we have demonstrated an n-type SAMFETs based on a perylene bisimide 
derivative PBI-PA.
[16]
 Electron mobilities of 1.5x10
-3
cm
2
/Vs and on/off-ratios up to 10
5
 
were measured. In addition a CMOS circuit based solely on SAMFETs was presented by 
combining an PBI-PA n-type SAMFET with a thiophene based p-type SAMFET to a 
CMOS inverter.
[16]
  
Typical substrates for SAMFETs are doped silicon wafers. To obtain flexible devices a 
foil based polymeric substrate is indicated.
[17]
 Low temperatures during device fabrication 
steps are required in order to avoid damage of the flexible polymer substrate. An 
advantage of SAMFETs in flexible devices is that covalent fixation of the semiconducting 
molecules, which prevents delamination during bending procedures. P-type SAMFETs on 
flexible dielectric have been reported with silane based anchor groups.
[18]
 SAMFETs with 
phosphonic moiety have, however, only been made rigid silica substrates although their 
fabrication procedure enables low temperature fabrication.
[14,15,16]
 
Here we present n-type SAMFETs based on a novel heterosubstituted perylene 
bisimide. As anchor group phosphonic acid was chosen which is able to bind covalently 
to aluminium oxide dielectrics. Electron mobilities up to 10
-3
 cm
2
/Vs, high on/off-ratios 
of 10
5
 and a limited hysteresis were obtained for n-type SAMFETs on flexible substrates. 
2. Results and Discussion 
A perylene bisimide PBI-PA recently reported for n-type SAMFET applications
[16]
 
consisted of a linear spacer with a pendant phosphonic acid unit, an electron conducting 
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perylene core, and a branched alkyl tail. Computer calculations revealed an orthogonal 
orientation of the branched alkyl tail to the perylene core. Due to steric hindrance 
between neighbouring PBI-PA molecules a surface coverage of only 1.8x10
14
 molecules 
per cm
2
 on the dielectric is achieved. A high surface coverage in SAMFETs is crucial for 
efficient charge transport. 
A second important point is the passivation of unwanted hydroxyl groups which are 
present at the dielectric surface.
[19]
 These groups are known to act as traps especially for 
electrons.
[20]
 Passivation is performed by the phosphonic acid during the self-assembly 
process with a condensation reaction of the hydroxide groups from the surface.
[21]
 
Therefore a lower coverage results in a higher amount of hydroxyl groups at the 
dielectric. Besides relatively lower coverage of PBI-PA, in this case the phosphonic acid 
is also present within the organic layer such that not each acid linker can be used for 
passivation of the dielectric. Unreacted acid groups may even negatively affect the 
electron conductivity. Nevertheless reliable transistors were achieved, however, with 
substantial hysteresis. Such hysteresis can principally be divided into two types: “higher 
back sweep current” and “lower back sweep current”.[22] The first type is attributed to 
mobile ions at the dielectric-semiconductor interface whereas the second type causes by 
charge trapping which is observed also for PBI-PA SAMFETs. 
To improve n-type SAMFET device performance, the perylene bisimide 
N-(2,2,3,3,4,4,4-Heptafluoro-butyl)-N`-(undecyl-11-phosphonic acid) perylene-3,4,9,10-
tetracarboxylic bisimide (PBIF-PA) was tailored to reduce steric repulsion which should 
lead to a denser packing of the perylene cores.
[23]
 In addition, a halogenation was 
employed which are known to increase electron transport stability.
[24]
 This was achieved 
by attaching a linear fluorinated alkyl tail instead of a branched alkyl tail at one side of 
the perylene bisimide. The chemical structure of PBIF-PA is depicted in figure 2. 
The synthesis is described in the experimental section. Computer simulations of 
PBIF-PA already revealed a molecular length of 2.69 nm. From calculations a much 
smaller volume demand is expected compared to PBI-PA (see figure 2). From literature a 
higher surface coverage in the range of 2.4x10
14
 molecules per cm
2
 is expected.
[25]
 
 Flexible N-Type SAMFETs 
 
 
116  
 
Figure 2: a) Side view on PBI-PA (left) and chemical structure of PBI-PA b) Chemical structure of 
PBIF-PA and its calculated structure (right). 
 
Bottom-gate bottom-contact field-effect transistors were realized by submerging 
transistor structures on foil into a dilute solution of PBIF-PA in dimethylformamide 
(DMF). During the immersion PBIF-PA spontaneously forms a covalent phosphonic ester 
bond to the aluminium oxide dielectric. The substrates were immersed for 24 hours into a 
dilute solution of PBIF-PA (c ≈ 10-5 mol/L), rinsed with DMF to remove possible residual 
material, dried on a hotplate at 110°C for 20 minutes, and subsequently measured. 
PBIF-PA monolayers were studied using X-ray photoelectron spectroscopy (XPS), X-ray 
reflectivity (XRR), grazing incident X-ray diffraction (GIXD) and via electrical 
characterization. XPS investigations show a monomolecular layer on top of aluminium 
oxide with a thickness of around 2.6 nm well in line with the calculated molecular length. 
A value of 2.4 x 10
14
 phosphorous atoms per cm
2
 was found indicating a dense and 
complete coverage of PBIF-PA. The phosphorous density is about 30% higher compared 
to PBI-PA.
[16]
 Furthermore, angle dependent XPS measurements reveal the linear 
fluorinated tail present on top of the SAM. This observation points to a higher degree of 
out of plane order of the aluminium oxide functionalization with PBIF-PA. 
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Additional information on the out of plane order of the SAM was achieved by 
XRR-investigations. To analyse the experimental data model calculations were done 
using a three layer model. The results are depicted in figure 2. 
 
Figure 2: XRR investigations of PBIF-PA monolayers. The black dots give the experimentally 
obtained data, while the red curve shows a fit of the experimental data using a three layer model for 
the SAM. 
 
The SAM itself can be divided into three different regions with different electron 
densities. As shown in figure 2 PBIF-PA consists of a linear fluorinated alkyl tail, a 
semiconducting perylene bisimide core, and a linear C11-alkyl spacer with a phosphonic 
acid anchor group. This structure was also confirmed from XRR measurements. A length 
of 0.60 nm for the fluorinated tail, 0.93 nm for the semiconducting core, and 1.15 nm for 
the linear spacer was found. All values fit with the data obtained from model calculations 
which are 0.39 nm, 1.13 nm, and 1.17 nm respectively. In the sum a value of 2.72 nm 
(calculated 2.69 nm) is obtained for the molecular length by XRR. The presence of 
electron rich atoms such as oxygen and nitrogen enhances the electron density of the 
middle layer similar to what was observed for PBI-PA SAMs before.
[16]
 A difference, 
however, is found for the outer layer of the SAM. Here the enhanced electron density 
originates from the high amount of fluorine, consistent with the XPS results. For perylene 
bisimides with branched alkyl tails, twisted perylene cores are evidenced by X-ray 
studies.
[26]
 Such a twisted arrangement is also presumed for PBI-PA monolayers.
[16]
 In 
contrast, perylene bisimides with linear tails show no twisted arrangement.
[23]
 The fact 
that fluorine and phosphorous is separated at the outer layer of the SAM and at the 
dielectric surface respectively, indicates also an non twisted, lamellar arrangement of 
PBIF-PA in the monolayer. 
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Grazing incidence diffraction (GIXD) measurements were done to itemize in-plane 
order and to get informations about the packing of the chromophores (see supporting 
informations). No characteristic reflection peak was found for drop casted as well as for 
the self-assembled monolayer. This suggests an amorphous PBIF-PA without grain 
boundaries onto the dielectric. In contrast, highly crystalline monolayers are reported for 
a quinquethiophene derivative, fixed via a chlorosilane onto silicon dioxide.
[8]
 We 
speculate, that different growth mechanism are responsible for the difference in 
crystallinity. Island growth mechanism, which is delegated by interactions of the aromatic 
core, is described for the thiophene derivative.
[8]
 The amorphous character of PBIF-PA 
suggests, that the assembly of PBIF-PA is directed by the driving force to form a covalent 
bond between phosphonic acid group and aluminium oxide and not by --interactions of 
the chromophores.  
 
Figure 3: PBIF-PA SAMFET characteristics on a non flexible silicon substrate. a) Output 
characteristics and b) transfer characteristics. The channel length was 10 m and the channel width 
was 1000 m. The calculated mobility in the saturation regime is 10-3 cm2/Vs, the on/off ratio is on 
the order of 10
6
, and the onset voltage is 10 V. 
 
SAMFETs were prepared at first on rigid silicon based substrates (for details see 
supporting information). Typical output and transfer characteristics of a PBIF-PA 
SAMFET are shown in figure 3. The transistor channel dimensions are 10 m in length 
and 1000 m in width. The extracted electron mobility in the saturation regime is 
10
-3
 cm
2
/Vs, the on/off ratio is in the order of 10
6
, and the onset voltage is 10 V. It is 
remarkable that the PBIF-PA SAMFETs show limited hysteresis, without any additional 
treatments. This improvement is attributed to the high surface coverage of 2.4x10
14
 
molecules per cm
2
 and to the fact that the molecules are oriented upright indicating 
almost all phosphorous is located at the dielectric surface. 
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Polymer based substrates, as shown in figure 1, were used for n-type SAMFETs in 
order to demonstrate their applicability in flexible electronic devices. The resulting 
transfer characteristics are shown in figure 4. The transistor channel length was 2.5 m 
and the width 1000 m. Electron mobilities of 5x10-4 cm2/Vs in the saturation regime and 
high on/off ratios on the order of 10
5
 were obtained. By integrating two transistors, 
enhancement load NMOS inverters were realized. The schematic of the inverter is 
presented in the inset of figure 4b. The channel length of the transistors is 2.5 m, the 
width of the load was 200 m and the width of the driver 2000 m. Figure 4c shows the 
output voltage as function of the input bias for a supply bias (VDD) of 15 V to 30V. The 
inverter shows a high output voltage for low input biases and a low output voltage for 
high input biases. However further design optimization should be made to improve the 
maximum and minimum output voltages. 
 
Figure 4: PBIF-PA SAMFET characteristics on a flexible polymer based substrates. a) Output 
characteristics of PBIF-PA SAMFET with a channel length of 2.5 m and a channel width of 
500 m. The drain voltage was varied from 5 V (blue) to 30 V (red). b) Characteristics of a unipolar 
NMOS bias inverter based on two integrated n-type PBIF-PA SAMFETs with a supply bias of 15 V 
to 30 V increased in steps of 5V. c) Schematic representation of enhancement load inverter.               
d) Optical image of a flexible substrate which was used for this paper.  
3. Conclusion 
A novel perylene bisimide with a phosphonic acid anchor group was tailored for 
application in self-assembled monolayer field-effect transistors (SAMFETs). The 
molecule self-assembles covalently onto aluminium oxide dielectrics. A homogeneous 
and dense monolayer is spontaneously formed in which the molecules stand upright to the 
surface. An amorphous 2-dimensional semiconducting layer allows charge transport 
without disturbing grain boundaries. Electron mobilities in the order of 10
-3
 cm
2
/Vs were 
achieved on rigid as well on flexible substrates. To test the suitability of the perylene 
bisimide in more complex circuits, the first flexible NMOS bias inverter based on 
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SAMFETs was established, underpinning the capability of n-type SAMFETs for flexible 
organic electronics. 
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4. Experimental Section 
Preparation of PBIF-PA 6 N-(2,2,3,3,4,4,4-Heptafluoro-butyl)-N`-(undecyl-11-
phosphonic acid) perylene-3,4,9,10-tetracarboxylic bisimide. 
Materials and methods: The starting materials perylene-3,4,9,10-tetracarboxylic 
dianhydride, potassium hydroxide, ammonia, 1,11-dibromoundecane, sodium hydride, 
triethyl phosphite, bromotrimethylsilane, and solvents were purchased from Aldrich, 
Acros Organics and VWR. Solvents used for precipitation and column chromatography 
were distilled once before use. 
1
H- and 
13
C-NMR spectra were recorded on a Bruker AC 
250 spectrometer (250 MHz). Chemical shifts are reported in ppm at room temperature 
using CDCl3 as solvent and internal standard. Mass spectroscopic data were obtained 
from a FINNIGAN MAT 8500 instrument. An overview of the synthesis is given in 
figure 5. 
 
Figure 5: Overview of the synthetic strategy towards the target molecule PBIF-PA. Compounds 1-3 were 
synthesized according to a slightly modified literature procedure.
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Preparation of N-(2,2,3,3,4,4,4-Heptafluoro-butyl)- perylene-3,4,9,10-tetracarboxylic 
bisimide 4. 
Monoimide 3 (1 g, 2.55 mmol) and 2,2,3,3,4,4,4-Heptafluoro-butylamine (0.5 ml, 
3.75 mmol) was heated together with 15 g Imidazole under argon in a sealed vessel at 
140°C. After 8 hours the mixture was cooled to room temperature and poured into a 
mixture of 300 ml 2N HCl and 100 ml EtOH. The precipitate was filtered off, dried at 
110°C in vacuum for 12 hours. 1.3 g (2.27 mmol, 89%) of a red solid was obtained, 
which was used without further purification. 
EIMS(m/z): [M]
+
 calculated for C28H11F7N2O4, 572.40; found,572.  
1
H-NMR (300 MHz, CDCl3/Trifluoractic acid-D1, δ): 5.12 (t; 15.4 Hz; 2H; N-CH2), 
8.80 - 8.93 (m; 8H; aromatic-H). 
Preparation of N-(2,2,3,3,4,4,4-Heptafluoro-butyl)-N`-(undecyl-11-phosphonic acid 
dieethylester) perylene-3,4,9,10-tetracarboxylic bisimide 5. 
Perylenebisimide 4 (500 mg, 0.87 mmol) and sodium hydride (43 mg, 65% dispersed 
in mineral oil, 1.15 mmol) were dissolved in 30 ml dry DMF and stirred at room 
temperature. After 6 h the solution was heated to 85°C. After additional 12 h 11-Bromo-
undecyl-phosphonic acid diethyl ester
[28]
 (0.36 g, 0.97 mmol) were added. After 
additional 48 h the reaction mixture was cooled to room temperature, filtered and 
extracted with CHCl3. The solvent was evaporated, the crude product redissolved in 
CHCl3 and poured into methanol. The precipitate was filtered off and purified by flash 
chromatography (solvent gradient EtOAc/THF 10:1  THF). The resulting red solid was 
freeze dried with dioxane to yield 281 mg (0.33 mmol, 38%) of 5. 
EIMS(m/z): [M]
+
 calculated for C43H42F7N2O7P, 863.79; found, 863 
1
H-NMR (300 MHz, CDCl3, δ): 1.16 – 1.51 (m; 22H; aliphatic-H), 1.68 – 1.84 (m; 4H; 
2xCH2), 4.01 – 4.15 (m; 4H; 2xP-CH2), 4.19-4.24 (t; J = 7.7 Hz; 2H; N-CH2), 5.03 – 5.08 
(t; 15.5 Hz; 2H; N-CH2), 8.55 – 8.70 (m; 8H; aromatic-H). 
13
C-NMR (75 MHz, CDCl3, δ): 16.80, 22.73, 25.08, 26.94, 27.48, 28.43, 29.46, 29.71, 
29.88, 30.88, 31.11 (aliphatic C), 41.09 (C-N), 61.69 (C-P), 61.77 (C-N), 122.55, 123.40, 
123.78, 123.93, 129.52, 129.84, 131.67, 132.40, 134.41, 135.64, 163.31, 163.55 (aromatic 
and fluorinated C). 
31
P-NMR (120 MHz, CDCl3, δ): 32.75. 
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Preparation of PBIF-PA 6 N-(2,2,3,3,4,4,4-Heptafluoro-butyl)-N`-(undecyl-11-
phosphonic acid) perylene-3,4,9,10-tetracarboxylic bisimide 6. 
Perylenebisimide 5 (280 mg, 0.32 mmol) was dissolved under argon in 50 ml dry 
CH2Cl2, cooled to 0°C and bromotrimethylsilane (1 ml, 7.58 mmol) was added dropwise 
through a syringe. After addition of the silane, the reaction mixture was allowed to warm 
up to room temperature. After 48 h stirring, 5 ml water was added. After additional 2 h, 
the mixture was poured into 50 ml of a mixture of methanol and water (1:1). The 
resulting precipitate was collected by filtration. To obtain a fluffy powder, the red solid 
was dissolved in trifluoroacetic acid (TFA), dropped into dioxane, and subsequently 
freeze dried to obtain 250 mg (0.31 mmol, 97%) of the phosphonic acid 6 which was used 
without further purification. 
1
H-NMR (300 MHz, CDCl3/TFA, δ): 1.23 – 1.50 (m; 18H; aliphatic-H), 1.58 – 1.67 (m; 
2H; 2xP-OH), 1.72 – 1.82 (m; 2H; CH2), 1.87 – 2.00 (m; 2H; CH2), 4.25 (t, 7.4 Hz; 2H; 
N-CH2), 5.08 (t; 15.33 Hz; 2H; N-CH2), 8.79 – 8.88 (m, 8H; aromatic-H). 
Experimental Details  
Specular X-ray reflectivity (XRR) measurements were performed on a Panalytical 
Empyrean Reflectometer set up with copper sealed tube, a 1/32° primary slit, a 10mm 
beam mask and a multilayer mirror (λ = 0.1542 nm) on the primary side. A small 
receiving slit of 0.1 mm and a 3D Panalytical Pixcel detector were used on the secondary 
side. The experimental data were fitted with Parrat formalism
[29]
 using X´Pert Reflectivity 
1.3 software (PANalytical). The surface roughness and the interface roughness of the 
specimen were determined using the Nevot and Croce approach.
[30]
 
Grazing incidence x-ray diffraction (GIXD) measurements were performed at the 
beamline W1 at the synchrotron HASYLAB, Germany. A wavelength of 0.11807 nm was 
used. The incidence angle of the primary beam was chosen at the optimum value αi=0.15° 
resulting in the best signal to noise ratio. The samples were investigated in an inert helium 
atmosphere provided by a stage with a domed x-ray window (DHS900, AntonPaar).
[31]
 
The results of in-plane GIXD measurements are presented reciprocal space maps 
measured by a one dimensional position sensitive detector (Mythen 1K, Dectris). 
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SAMFET device fabrication 
 
Figure S1: a) Chemical structure of PBIF-PA b) Illustration of the n-type SAMFET fabrication 
process. c) Scheme of SAMFET layout. 
 
Bottom gate, bottom contact transistor substrates with an aluminium oxide dielectric 
were used for the SAMFET fabrication process. The substrate was cleaned by rinsing 
with isopropanol and hexane. Afterwards, the substrate was exposed to UV-ozone, which 
removed smallest amounts of organic residues and further activated the aluminium oxide. 
The cleaned substrate was put into a dilute solution of PBIF-PA in dimethylformamide 
(DMF). The solution had a concentration of 10
-5
 mol/L of PBIF-PA and was filtered 
through a 0.2 m PTFE filter before use. The substrate was taken out of the solution after 
24 hours and rinsed with DMF in order to remove residues from the surface. To remove 
DMF residues and to complete the condensation reaction of the phosphonic acid to 
aluminium oxide, the substrate was backed at 110°C for 20 min on a hotplate under inert 
conditions and subsequently measured. The chemical structure of PBIF-PA, the device 
fabrication process, and the SAMFET layout is depicted in figure S1. 
Substrate fabrication 
Bottom-gate/bottom-contact transistor substrates with patterned gate and 
interconnections were fabricated on flexible PEN foils. A proprietary foil on carrier 
process was used to laminate 25 μm heat stabilized PEN foils to a silicon monitor wafer. 
The gate was created by sputtering a thin gold layer and structuring it via 
photolithographic processes. On top a 100 nm thick Al2O3 layer was grown by atomic 
layer deposition (ALD) at 120 °C using trimethylaluminum and H2O as precursors. Next 
PBIF-PA SAM
source/drain
contact
Al2O3
polymer
gate contact
silicon
N N
O
O
P
O
O
F
F
F
F
F
F
F O
OH
OH
          a) 
 
b)         c) 
 Flexible N-Type SAMFETs - SI 
 
 
128  
vertical interconnections where created to enable contacting the gate. Finally the gold 
source and drain electrodes were deposited via sputtering and structured by conventional 
photolithography on top of the Al2O3. The whole process was developed to remain below 
150°C compatible for PEN foil. To facilitate the anchoring of the phosphonic acid to the 
dielectric, the Al2O3 was cleaned with solvents (acetone and isopropanol) and activated 
by UV-ozone treatment. After self-assembly of the semiconductor, the foil can be 
released from its carrier. 
Molecular modelling 
The intramolecular distances were calculated using Avogadro 1.0.3 software with the 
united force-field (UFF). The molecule PBIF-PA can be segmented into three different 
regions: a short fluorinated end capper (0.39 nm), the aromatic core (1.13 nm) and an 
aliphatic spacer (1.17 nm). All three layers and the calculated molecular length of 
2.69 nm matches well with the lengths obtained the XPS and X-ray reflectivity 
measurements. 
 
Figure S2. Illustration of the calculated intramolecular distances of PBIF-PA. 
 
X-ray photoelectron spectroscopy (XPS) 
Experimental details: 
The measurements have been carried out in a Quantera SXM
tm
 from Ulvac-PHI. The 
measurements have been performed using monochromatic AlK-radiation and a 
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rectangular measurement area of ≈ 500 x 250 µm. By means of wide-scan measurements 
the elements present at the surface have been identified. The chemical state and the 
atomic concentrations of the elements present are determined from accurate narrow-scan 
measurements. Standard PHI-sensitivity factors
[1,2]
 were used to convert peak areas to 
atomic concentrations. As a result of this, it is possible that the concentrations deviate 
from reality in the absolute sense (generally not more than 20% relative). 
 
Results and discussion: 
XPS-analyses have been performed on the PBIF-PA samples to verify the presence of a 
monolayer of this material. First, survey spectra have been measured to determine which 
elements are present in the upper ≈ 7 nm of the sample. These measurements demonstrated 
the presence of the elements Al, C, O, N, F and P. Next, angular resolved measurements 
have been done of the main peaks of the elements present at the surface; the take-off angle Θ 
was 80°, 20 ° and 80°. The apparent concentrations calculated from the peak areas are 
summarized in table S1. In this table is also shown which XPS line was measured, the peak 
position and the most likely chemical assignment.  
Table S1: Apparent concentrations (at%) measured for two values of the take-off angle Θ. In the lower 
row, the concentration ratios cΘ = 80° / cΘ = 20° are given. A large value of this ratio corresponds to a 
relatively large distance of the component from the outer surface. 
Pos.  
Θ 
(°) Al 2p C 1s F 1s N 1s 
O 
1s P 2s 
  74.6 
289, 
291 
28
5 288 688.4 685.6 400.4  191.0 
  
Al2O
3 
CF2, 
CF3 CH N-C=O 
CF2, 
CF3 F
- 
N-C=O  -PO3 
B 80 20 2.0 27 2.5 7.2 1.6 1.4 37 0.8 
B 20 8 4.8 47 5.5 13.7 0.7 2.6 18 0.8 
B 80 20 2.3 29 2.2 5.0 1.7 1.4 37 0.7 
 <ratio 80 / 
20> 2.7 0.4 0.6 0.4 0.4 2.3 0.5 2.1 0.9 
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Remarks to the results in table S1: 
 The first and the second measurement for Θ = 80° are in reasonable agreement 
except for the concentration of organic Fluor. The decrease of the concentration 
organic Fluor is a consequence of radiation damage. 
 Based on the concentration ratios we conclude that the layer structure of the sample 
is as follows: 
Al2O3 and F
-
 / P / organic layer containing C, O, and N / organic F and CF2, CF3 
To obtain insight into the thickness of the organic layer and the real concentrations, 
model calculations have been performed;
[3,4]
 for details about this method and the 
application to SAMFET-layers we refer to [5]. The results of the calculations are given in 
table S2. 
Table S2: Results model calculations: values are given for the thickness of the organic layer, Dorg, the 
coverage with P, NP, and the real atomic concentrations in the organic layer. In the lower row the 
theoretical composition is given based on the molecular structure of PBIF-PA. 
Θ Dorg N_P real concentrations in SAM-layer (in at%) 
(°) (nm) (at/cm
2
) C1s F1s   N 1s O1s  P 2s 
   CF2, CF3 C-H, NCO CF2, CF3 
 
-org -PO3 
80 2.38 2.1E+14 3.8 75 10 3.1 6.2 2.4 
20 2.69 2.4E+14 3.7 76 7 3.6 7.2 2.4 
80 2.38 2.0E+14 4.3 78 6 3.1 6.1 2.3 
 
theoretical composition (at%) 74 13 3.8 7.5 1.9 
number of atoms / molecule 39 7 2 4 1 
   C F N O P 
 
Remarks to the results in table S2: 
 The real concentrations derived from the measurements are in reasonable agreement 
with the theoretical composition, except for the concentration of F. This is related to 
loss of organic Fluor due to the irradiation of the sample with X-rays. 
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 Starting from the small angle results (Θ = 20°) a larger layer thickness Dorg is found 
compared to the value of Dorg obtained from the large angle results (Θ = 80°). An 
important assumption for the model calculations is the assumption that the IMFP 
(Inelastic Mean Free Path) of the electrons is independent of the directions the 
electrons are travelling. The present PFIB-PA layer clearly contains molecules all 
oriented into the same direction. Possibly the IMFP for electrons travelling in a 
nearly-perpendicular direction (Θ = 80°) is longer than the values for the IMFP used 
in the model calculations (and valid for a homogeneous organic material; see Ref. 5). 
For electrons travelling into a more glancing direction (Θ = 20°) the influence of the 
orientation of the molecules on the IMFP is expected to be negligible. By 
consequence, the model calculation starting from the measurements at 80° probably 
are less reliable. Remark: the conjecture that the IMFP in the PBIF-PA is dependent 
on the orientation of the electrons relative to the SAM-molecules is subject for 
further investigations. 
 
X-ray reflectivity (XRR) 
Two X-ray reflectivity measurements were performed to obtain the morphology of the 
SAM. In a first step the X-ray reflectivity measurement of a bare substrate was 
investigated. The known layer stack was used as input parameter to the fit of the 
experimental data. It consists of a native oxide silicon wafer with a coverage of 100 nm 
aluminium oxide. Additionally a top layer with low electron density had to be introduced 
to get a proper fit of the experimental data. This layer could result from adsorbed water 
due to handling of the substrate under ambient conditions. Figure S3 shows the X-ray 
reflectivity curve with the corresponding fit of the data, the fitting parameter are given in 
Table S3. The X-ray reflectivity curve of the SAM is depicted in Figure 2 of the 
manuscript. For fitting the SAM a three layer model was used according to the different 
electron densities within a single SAM, the fitting parameters of the substrate was kept 
identical to the bare substrate (except the top layer). Table S4 gives the fitting parameters 
of the SAM. 
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Figure S3: X-ray reflectivity curve (black dots) of the bare substrate together with a fit of the 
experimental data (red line). 
 
Table S3: The fit parameters of the x-ray reflectivity curve from a bare substrate. The sequence of 
the inorganic layers is according to the preparation process of the substrate, a top layer had to be 
introduced to get a proper match to the experimental data. 
Layer thickness 
[nm] 
roughness 
[nm] 
electron density 
[nm
-3
] 
top layer 1.1 0.40 382 
Al2O3 103.0 0.65 854 
SiO2 2.0 0.54 676 
Si ∞ 0.37 703 
 
Table S4: The fit parameters of the X-ray reflectivity curve of a SAM with a three layer model. The 
parameters of the substrate was taken from the bare substrate (except the top layer) and kept fixed 
during the fit. 
Layer thickness 
[nm] 
roughness 
[nm] 
electron density 
[nm
-3
] 
fluorinated tail 0.60 0.18 225 
aromatic core 0.93 0.13 403 
alkyl spacer 1.15 0.30 206 
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Grazing incidence X-ray diffraction (GIXD) 
A reciprocal space map of a PBIF-PA SAM taken by GIXD is given in Figure S4a. 
Integration of the scattered intensity along the z-component of the scattering vector qz 
reduces the data to an intensity distribution as a function of the in-plane component of the 
scattering vector qxy (Figure S4b). A broad diffraction feature is observed at around 18 
nm
-1
. The origin of this peak cannot be clearly assigned to the SAM or to the amorphous 
Al2O3 substrate, since either orientationally ordered pi-conjugated units as well as the 
amorphous aluminium oxide substrate shows a correlation peak at this value.
[6,7]
 Drop 
casted films of PBIF-PA reveal a strong tendency of the molecule to form layered 
structures with layers parallel to the substrate surface as observed by XRR. However, 
drop casted films do not show any crystalline diffraction peaks by GIXD. 
 
Figure S4: a) Reciprocal space map of a PBIF-PA SAM measured by grazing incidence x-ray 
diffraction (above). b) The scattered intensities are integrated along qz (qz = 0 … 3.5 nm
-1
) so that an 
intensity distribution as a function of the in-plane component of the scattering vector qxy can be 
plotted. 
  
a) 
 
 
 
 
 
b) 
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Abstract: 
Within this work we present the synthesis and applications of a novel material 
designed for n-type self-assembled monolayer field-effect transistors (SAMFETs). Our 
novel perylene bisimide based molecule was obtained in six steps and is functionalized 
with a phosphonic acid linker which enables a covalent fixation on aluminum oxide 
dielectrics. The organic field-effect transistors (OFETs) were fabricated by submerging 
predefined transistor substrates in a dilute solution of the molecule under ambient 
conditions. Investigations showed a thickness of about 3 nm for the organic layer which is 
coincides to the molecular length. The transistors showed bulk-like electron mobilities up 
to 10
-3 
cm
2
/Vs. Due to the absence of bulk current high on/off-ratios were achieved. An 
increase of the electron mobility with the channel length and XPS investigations point to 
a complete coverage of the dielectric with a dense monolayer. In addition, a p-type 
SAMFET based on a thiophene derivative and our new n-type SAMFET were combined 
to the first CMOS bias inverter based solely on SAMFETs. 
 
Keywords: Self-assembled monolayer, n-type field-effect transistor, perylene bisimide, 
organic circuits, complementary inverter 
 
1. Introduction:  
Self-assembly is the spontaneous and autonomous organization of molecules into 
patterns
1
. Self-assembling molecules usually contain an organic tail with one reactive 
group which is able to bind covalently to a surface. Dense and complete coverage can be 
achieved over large areas on a short time scale. The organic tails passivate the surface so 
that in many cases only one single monolayer is formed. Depending on the surface 
different anchor groups are used. The best known monolayers are thiols on gold. Organic 
acids or chlorosilanes are often used to modify inorganic oxides whereas silicon can be 
modified with materials having terminal double bonds by hydrosilylation
2
. In such a way 
a monolayer is able to change the reactivity or polarity in order to passivate or protect the 
material surface.  
Because the formation of self-assembled monolayers (SAMs) is a simple and quick 
method to achieve new material properties this technique arrived early in the broad field 
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of organic semiconducting devices. In organic solar cells monolayers of dye molecules on 
titanium dioxide are used for the absorption of light and an efficient charge transfer
3
. In 
organic light emitting diodes monolayers are used to modify indium tin oxide
4
. Also in 
organic field effect transistors (OFETs) SAMs are used to improve the performance. 
Common transistor substrates are based on silicon with a layer of silicon dioxide on top 
which is used as the dielectric. On this surface polar hydroxyl groups are present which 
have a negative influence on the charge transport especially for electrons
5
. In order to get 
rid of the polar groups, SAMs, for example chlorosilanes with long alkyl chains, are often 
used which react with the hydroxyl groups to create a non polar surface
[5]
. The surface 
energy is also changing so that the monolayer can change the morphology of the 
semiconductor too
6
. It also has been shown that monolayers can be used as a thin 
dielectric resulting in transistors with very low operating voltages
7
. Because charge 
injection from the source electrode into the organic semiconductor plays a crucial role the 
electrodes, typically made of gold, can be covered with thiols in order to match the 
energy levels of the electrode and the organic semiconductor.
8
 
It is known that charge transport in p- and n-type field-effect transistors occurs in an 
ultrathin accumulation layer close to the dielectric
9,10
. This finding spurred interest in 
having a transistor with only one layer of a semiconducting molecule fixed to the 
dielectric surface by simple self-assembly (see Figure 1). A so called self-assembled 
monolayer field-effect transistor (SAMFET) was first demonstrated by Tulevski et al.
11
 
They attached a functionalized tetracene onto an aluminum oxide dielectric to form sub 
micron transistors. Meanwhile different other groups realized SAMFETs. Probably the 
best working SAMFETs are made from a thiophene derivative self-assembled onto a 
silicon dioxide surface
12
. A dense, highly crystalline and well packed monolayer was 
formed to enable transistors with channel length up to 40 m and hole mobilities of 
10
-2
 cm
2
/Vs. Additionally the first integrated circuits such as a 15 bit code generator were 
demonstrated using this bottom-up approach. Because the active channel in SAMFETs is 
only a single layer no bulk current occurs, which results in high on/off ratios up to 10
6
.  
State of the art integrated circuits are mostly based on the well-established 
complementary metal oxide semiconductor (CMOS) technique, where pairs of p- and 
n-type transistors are combined in one device. The main advantages of CMOS-circuits are 
high noise immunity and low power consumption. Compared to p-type materials electron 
transporting transistors are more difficult to realize because of the high reactivity towards 
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oxygen and water
13
. For CMOS circuits based on SAMFETs suitable n-type materials are 
needed. So far only Novak et al. showed n-type SAMFETs using a fullerene derivative
14
 
with electron mobilities of 10
-4
 cm
2
/Vs. However, no SAMFET based complimentary 
circuit has been demonstrated so far. 
 
Figure 1: Schematic illustration of a self-assembled monolayer field effect transistor 
(SAMFET).  
Here we present a promising n-type material for the use in self-assembled monolayer 
field-effect transistors. The novel material we used is based on a perylene bisimide (PBI) 
which is well known for thin film transistor applications
15
. For our purpose we 
synthesized a heterosubstituted perylene bisimide where a phosphonic acid is attached at 
one side of the molecule in order to enables a covalent fixation to an aluminum oxide 
dielectric. 
 
2. Synthesis 
Perylene bisimides (PBIs) are well known for their good performance in field effect 
transistors
[15]
.  Typically homo substituted perylene bisimides are used where the perylene 
molecule has the same linear tail at both sides. The disadvantage of homo substituted 
perylene bisimides with linear tails are their low solubility in almost all solvents. To 
fabricate organic transistors with those perylene bisimides the physical vapor deposition 
technique is commonly used. High evaporation temperatures in a vacuum chamber are 
needed to sublime the material. Also the transistor substrates must be heated up to about 
130°C to get high crystallinity for a good charge transport. In order to circumvent those 
high temperatures we synthesized a perylene bisimide with a branched alkyl tail on one 
side which increases the solubility and allows a solution based SAMFET preparation. To 
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enable the fixation to an aluminum oxide dielectric a phosphonic acid group is introduced 
to the perylene bisimide. Whereas homosubstituted PBIs can be synthesized in high yield 
in only one step from perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), 
heterosubstituted PBIs are more difficult to realize. In principle two synthetic strategies 
are known
16
 to synthesize heterosubstituted PBIs. One of these routes was used for our 
synthesis and will be described in detail in the following chapter
17
. 
PTCDA 1 is used as the starting material which is refluxed in a potassium hydroxide 
solution. During this reaction both anhydride groups are cleaved. Titration with acetic 
acid leads to the monopottassium salt 2. 
 
Figure 2: Synthetic strategy towards perylene monoimide anhydride.  
The potassium salt 2 acts as a protective group so that in the following step ammonia 
reacts with the anhydride to form an imide group (Figure 2). After acidic workup the 
potassium group is transferred back into the anhydride to yield the asymmetric 
monoimide anhydride 3. 
 
Figure 3: Synthetic strategy towards a heterosubstituted perylene bisimide.  
Dihexylketone 4 reacts with sodium cyanoborohydride during a reductive amination 
reaction to the branched amine 5 (Figure 3)18. In the following step the amine 5 reacts 
with the previously synthesized perylene monoimide anhydride 3 to the heterosubstituted 
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perylene bisimide 6. Due to the electron withdrawing character of the perylene core the 
proton of the bisimide 6 directly attached to the nitrogen can be removed with sodium 
hydride (Figure 4). The resulting anion reacts in an SN2-reaction with an excess of 
1,11-dibromoundecane to form bisimide 7. 
 
Figure 4: Synthetic strategy towards the target molecule PBI-PA 9. 
The Michaelis-Arbuzow reaction was used to transform bromide 7 into the phosphonic 
ester 8. The phosphonic ester is cleaved using bromotrimethylsilane. After adding some 
water to the reaction mixture the phosphonic acid is generated and the target molecule 
PBI-PA 9 precipitates. Nuclear magnetic resonance (NMR) showed a complete 
conversion of the phosphonic ester 8 into the phosphonic acid PBI-PA 9. The overall 
yield of the reaction sequence from 1 to 9 is 17 %. 
UV-vis absorption and fluorescence measurements of PBI-PA in THF solution are 
depicted in figure 5. The absorption spectrum shows a maximum at 519 nm. Two 
additional blue-shifted vibrational satellites appear at 484 and 459 nm. The absorption 
edge is at 539 nm from which a band gap of 2.30 eV is calculated. After excitation at 
484 nm the fluorescence spectrum shows an emission maximum at 529 nm. A second 
red-shifted peak appears at 568 nm with a shoulder at 611 nm. 
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Figure 5: UV-vis absorption (solid line) and fluorescence (dotted line) spectra of PBI-PA in 
THF at room temperature. Concentration: 10
-5
 mol/L. 
3. Device fabrication and measurements 
For the device fabrication bottom gate/bottom contact transistor substrates were used 
having an aluminum oxide layer as dielectric and patterned gold source and drain 
electrodes. After a UV-ozone treatment the substrates were immersed into a 10
-5
 mol/L 
solution of PBI-PA in tetrahydrofuran (THF) under ambient conditions at room 
temperature. After 24 hours the substrates were rinsed with THF and baked on a hotplate 
at 110°C for 20 minutes to remove residual solvent. In Figure 6 an AFM height image 
captured inside a channel of a transistor is shown. A smooth surface comparable to the 
bare substrate is measured which is expected for a dense and homogenous monolayer. 
Some high islands of approximately 20 nm are also found which are supposed to be PBI-
PA aggregates. 
 
Figure 6: a) AFM height image of a PBI-PA SAMFET and b) the corresponding cross section.  
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To get information about the thickness X-ray photoelectron spectroscopy (XPS) and 
X-ray reflectivity (XRR) measurements were done. XPS studies show that a 3.1 nm thick 
organic layer is grown on top of the aluminum oxide dielectric. Additionally the XPS 
measurements revealed that the phosphorus is present within the whole organic layer. It is 
assumed that due to strong intermolecular --stacking of the perylene cores not all 
phosphonic acid groups react with the surface which suggests some kind of tilted 
configuration of the molecules. Further informations are given by XRR investigations 
which also pointed out that a smooth and 3.0 nm thick organic layer is assembled on top 
of the dielectric. For simulations of the XRR measurements, the layer is segmented into 
three different interlayer’s having a thickness from top to the bottom of 0.71 nm, 0.98 nm 
and 1.32 nm. XRR analysis also showed an enhanced electron density in the middle layer 
which suggests that here the aromatic core is present. 
 
Figure 7: Calculated intramolecular distances of PBI-PA and results of XRR measurements. 
Molecular modeling using Avogadro 1.0.3 software with the united force-field (UFF) 
was done to get informations about the length of the different molecular units inside the 
PBI-PA molecule. As shown in figure 7 the result of the experimental XRR investigations 
matches quite well with the theoretical thickness of the monolayer. The in-plane order of 
the monolayer was investigated by grazing incidence X-ray (GIXD). A broad reflex at 
qxy = 17.1 nm
-1
 was found which revealed a perylene core-core distance of 0.36 nm. From 
the width of the diffraction peak (qxy) of 2 nm
-1
, the correlation length, or crystal size, 
was estimated to be 3.1 nm. This length corresponds to 9 perylene cores.  
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SAMFETs have been prepared by immersing predefined transistor substrates with an 
aluminum oxide dielectric and gold electrodes into a solution of PBI-PA like described 
before. All measured transistors showed field-effect behavior. Mobilities up to 
10
-3
 cm
2
/Vs and high on/off-ratios of 10
5
 were obtained. SAMFETs with channel length 
up to 100 µm were obtained for the first time. The mobility increases with the channel 
length and saturates at a channel length of 40 m which is a fingerprint for SAMFETs 
with a completely covered surface
[19]
. Typical transfer and output characteristics are 
shown in Figure 8. It is remarkable that all of the measured transistors worked (device 
yield = 100%). Also the fact that working SAMFETs can be prepared from a PBI-PA 
solution which has been stored for several weeks under ambient conditions demonstrates 
that PBI-PA is a robust molecule for the preparation of n-type SAMFETs. 
 
Figure 8: a) Transistor characteristics of a SAMFET based on PBI-PA with a channel length 
of 40 µm and a channel width of 1000 µm. a) Output characteristics: the drain voltage is swept 
from 0 V to 20 V, the gate voltage is varied starting from 0 V to 25 V in 5 V per step. 
b) Transfer characteristics of the device in the saturation regime with a drain voltage of 20  V. 
A bias inverter based on the complementary metal-oxide-semiconductor (CMOS) 
technology was build using a p-type and an n-type SAMFET on two substrates. The 
p-type SAMFET is based on a thiophene derivative connected covalently to silicon 
dioxide
12
. PBI-PA on aluminum oxide was used for the n-type SAMFET. Both 
SAMFETs were connected in a complementary inverter configuration as depicted in 
figure 9b. The resulting inverter characteristics are shown in figure 9a. When the 
supply voltage (Vdd) was set at 30 V and the input voltage (Vin) was swept from 30 V to 
0 V, a high gain value of ~ 15 with the “trip-point” at around 23 V of Vin and a noise 
margin of 7 V was obtained. 
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Figure 9: SAMFET based complementary inverter. (a) Device characteristics: The supply 
voltage (Vdd) was varied starting from 10 V to 30 V in 5 V per step. The dashed lines present 
the gains. (b) Diagram of the bias inverter.  
4. Summary 
In summary we synthesized a new perylene bisimide, having a semiconducting 
perylene bisimide core, a branched alkyl tail on one side to increase solubility and on the 
other side a linear alkyl tail with a phosphonic acid anchor group. The phosphonic acid 
anchor group enables a covalent fixation of the perylene bisimide to aluminum oxide 
surfaces. With this substance we were able to fabricate highly reproducible monolayer 
field-effect transistors by simple self-assembly under ambient conditions. High 
on/off-ratios of 10
5
 and mobilities up to 10
-3
 cm
2
/Vs were achieved. Besides the 
transistors a CMOS bias inverter based solely on SAMFETs was realized for the first time 
and showed a large noise margin of 7 volts and a high gain of 15. 
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